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PliEFAC]-: 


TO TITE FUlST EDITION 


It is curious tliat altliouglr colloid cliciiiistry owes its 
(levelopmcut iu uo small degree to llritisli investigators, 
liitlierto tliere has been not only uo English text-book on 
the subject, but no text-book in English availalilc, the 
foreign works that have been translated dealing with 
particidar aspects of the suljjcet only, or with its bearings 
on other sciences. 

Tlie present book, based on my lixiLures on Ihdero- 
geneous Systems delivered to advanced students in tlie 
IJnivcr.sity of Edinlmrgli, will, it is liopcd, meet tbo want 
of a convenient text-book, and at tbc same tiiiic.servo as 
a reference book for workers in other sciences, who are 
hecomiiig more and inoio iiitcie.sted in colloids. To 
increase its iisefulne.ss in tlie latter direction, a section on 
the applications of colloid chemistry has been added. It 
makes no claim to be complete or exhaustive; indeed, 
many important applications are not evon mentioned, but 
it scorned butter to deal at some Icngtii with a number of 
selected exaui]ilo.s, rather than to give a mere catalogue 
of 4110 many branches of pure and applied science in 
which it plays apart. Further, a laigc amount of exneri- 
luental data has been included tlirougliout the book, with 
the idea that this may bo of use to those interested iu 
the subject. 

The practical instructions for the preparations will, 
if carefully adhered to, enable any one to prepare sols 
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whetber for purpc*es of rosearcb or pf donionstration^ 
In this connexion I desire* to expiess my indebted¬ 
ness to Svedberg’s Die Melhodcii znr Ilentdlan/K^lToider 
Losuixijen, ns also generally to Freuudlich’s/ur^iWare/icniie 
and von Weimarn’s Grundzuije dcr Diepersoidchemie. 

My thanks are also duo to Messrs. Carl Zeiss, who 
kindly lent the block for Figure 2 ; to my wife for draw¬ 
ing the remaining ligure.s; and to Mr. J. 1). M.* Ko'ss, 
M.A., I5.Sc., for valuable as.sistance. in reailing the proofs. 

W. W. T. 

Univfrsity of Euixuurgh. 

/.in. J.JIJ. 
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T(3 TJIK SECOND EOfTION 


In thiii^oiiition the main features of the book remain 
unaltered, although a considerable amount of now material 
has been ailded. This lia.s only been done, however, 
where either the new matter was a more convincing 
illustration of an already established theory, or the new 
experimental results had led to changes in the previously 
accepted theory. Opportunity has also been taken of 
making a few corrections, chiefly concerned with matters 
of historical accuracy, for which I am indebted to the 
kindness of friendly critics. 

■llIr^NIVERSIIV, KoINKURGII 

M' ^9^1- 


w. w. r 
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CHEMISTRY OE COEEOIDS 

TART T 

gi;ni;ral propI'Rties of 

COLLOIDS 

CHAITPR I 

INTIIDDUlI'IhX 

\A IIKN' rirjili.'iiti, US tlio result oi liis C[KicIi-inuLiiig cxpci'i- 
inonts (111 coliiiiils, was led to jiiake the well-knc*vn state- 
iDoiLt that "they (ia'y.stalloids and colloifls) appear like 
dill'erent wnilds o( niatler, and give oecashm to a corre- 
si«inding division of cljoniieal sedeneo. The distinction 
hetween these kinds ut matter is tiiat, snhsisting between 
niateiial ot a mineral and the nialerial of an organised 
mass,” the science of clieinistry was still doniinaled by tlie 
idea ol the inmlaniental dilleieins! lietween inorganic and 
organic substances. It was natural, tlnnefure, that he 
•shonld oxteinl this already acoe|)ted di.stinction to the 
new region of chemistry whicli ho had just discovered. 

Airt, jrrst as the advartee (tf latowhslgo has renroved 
the.ilislinction irr tier ornr case, ,so too tho terrderrey of 
rceorrt wor-k h.a.s Ireinr to brir*g the other trtnlor .suspicion. 
For marry years phy.sical clreriiisis have irrclined more and. 
rrrore to lire view that crystalloids and colloids a»o not 
iliffererU lintis of matter (as (Iraharn corrsider-ed) but, 
rather, are dillbrorrt sla/a* o( matter, arrd that tho same 

il 
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chemical substance, may be oHtained in the one state or 
the other by suitable alteration of thrf conditions undef 
which it is produced. 

• Whiie this exceedingly important change in ouPfunda- 
mental conception regarding colloids is not duo to any one 
investigation, Paterno’s researches, although recently 
shown by him to bo erroneous (p. 289), were the first 
to indicate that a substance (tannin) may form a sol 
in one lirpiid (water), and a true solution in another 
liquid (acetic acid). JIany have contributed to the 
development of the idi^a, but it was only recently 
carried to its logical eOTiclusion by P. P. von Weiinarn, 
who has succeeihil in mallicmaticully formulating tlio 
main factors which gorern the appearance of a substance 
in either the colloid or the crystalline stale; these con¬ 
clusions Ivo has continued in an elaborate scries of investi¬ 
gations. 

As a result of these investigations we have not only 
the means alforded of classifyiirg the diverse nretbods 
hitherto emiiloycd iit the preiiaration of particular colloids, 
but have indicated in any given ease the necessary modi¬ 
fications of the coirditions fur obtaiiring a substance in the 
colloid state. These devcloiunents are so recent that they 
can hardly be said to liave been applied in a systematic 
manner, and yet von Weintarn has already sitcceoded in 
obtaining more than 400 substances in tiro colloid state. 

In another direction there have been in recent time 
very considerable ailvanocs: in the development oS tire 
connexion between the special properties of the colloid 
stale and capillarity or sud'aco phenomena. Here tire 
question of surface errergy is all-irrrportarrt. 

• Aja surface itrrplies Iretcrogerreity, boitrg an interface 
between two phases, we carr at once procoeil to classify 
systerrrh aeoordirrg to tire uatryre of the phases (at lc,ist 
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two in number) which are' necessary for the existence of 
the interface. T!^ special properties ascribablo to surface 
energy otily come into prominence wlien it amounts to a 
moderitely largo frtiction of the total energy of tlio*system ; 
this is connected witli*the ratio of the surface to the 
volume (or mass) of the system, which in turn may bo 
expressed in terms of the “ specific surface” The specific 
sufl'ace is tlie surface divided by tlie volume. The 
.surface of a cube, tlio si<le of which is f, is QP, and its 
volnmo is P-, tlie .specific surface is C//. Thus a cube of 
6 cm. side and tho inscribed sphere of G cm. diameter 
have unit specific surface. A largo specific surface can 
only be obtained by tho rednetiuii of at least one spatial 
dimension of one of the phases, lieuco tho name miern- 
ehcniislnj, suggested by Ostwald, in ^daco of capillary 
chemisLry, tho name adopted by Freundlich. . Unfortu¬ 
nately, the name has already been misapplied to a special 
branch of chemic.al aualysi.s—the analysi.** of nncrosci'pio 
quantities. What is usually known as colloid chemistry 
is only a part, though the most important practically, and 
the most I'ully developed part, of the general science of 
microchemistry. 

By a .systematic application of tho two ideas—of 
heterogeneity involving at least two phases, and of the 
increase of the specific surface by reduction of one, two, 
or throe spatial dimensions of one of tho phases, we arrive 
at a comple'o classification of the possible microohemical 
systems. The phase which is divided into small separate 
volumes is known as the disperse phase, the other is the 
dispersion medium; when t^o dispersion takes the forjni 
of parallel plates, there is no distinction between the two; 
phases. The dispersity is tho degree to which thej’educt 
tion of the dimensions of the disperse phase has been 
carried; it is best expressed numerically in tfirms of 
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specific surface, but more irequentiy in terms of the linear 
limensions of the disperse jiliaso, the thickness of 
rilms' or the diamotor of separate particles. 

' Dinriiiution of one dinicn-sion giveS rise to films and 
hubbies; of two dimensions to'cthreads; and of three 
diinon.sions to line jiowders, drops, etc. Leaving out of 
account the two former ca.ses, wo have the following 
classes:— 

I. The dispersion medium is a Gas.' The disperse 
phase is 

(«) liquid, producing cloud or mist; 

(J) .solid, producing dust or .smoke. 

If. Tlie dispersion medium is a Liquid. The di.sper.se 
phase is 

(") i" foam ; 

(6) liquid, producing emulsion,s (and gels i ); 

(c) solid, producing suspon.sioii.s. 

III. The distJCrsion medium is a Solid. The disper.so 
phase is 

(a) gas; gas bubbles in a solid produce solid foam or 
scoriie; 

(i) liquid, as in the liquid inclusions in minerals; 
some gels jirohably come into this class. 

(c) solid, producing solid mi.\lurc.s. 

Emulsions and susi)ensions foiiu by far the most im¬ 
pel taut classes at the present time, comprising as they do 
what wore formerly known as colloids. There is some 
doubt whether all gels ouglit not to he n^garded as 
emulsions possessed of considerable rigidity. This ques¬ 
tion will arise later, and will,then be more fully discussed. 
Solid mixtures have as yet fcceivcd little theoretical con- 
'sidoraj.ion, owing to the difficulties involved. They are, 

* Since all gases are completely miscible, tlicrc is no disperse system 
consisting of gases alone. 
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however, of great practical iniporVince, as the niero 
'mention of ceineiS^s ainl heterogeneous alloys will indicate. 
Here, to8,.tho question aiises whether, in some of These 
cases, one at loastfof the phases may not ho liquid rather 
than solid, and should *accordingly ho placed among the 
gels. 

Nomenclature.—When the history of the development 
Dhoolhiid chemi.stry is rec.alled,it i.s hardly snrpri,sing that 
there is a eeitaiii amount of confusion in respect of nomen¬ 
clature. To (Iraliam wo arc indebted for the general term 
colloid in contrast wiili crydalkml. lie also distinguished 
between the two ronditioms in which the colloids lio finst 
investigated, as gelatine and .silicic acid, were olit.ainahlc, 
the term sol being applied to the form in which the .system 
wa.s apparently liquid, wliile to the .solid, j.dly-like foim 
lie ajiplied the term (jd. If one of the comiiuncnis was 
water, the two rorm.s were a lujdrnsol and a liijilroijd; if it 
was alcoliol, they wei'o an iikosol and almjd, and .so on. 
'Those terms are still in common use, hut are no longer 
sutlicicnt. 

The earlier work wa,s largely done on either naturally 
occurring colloids, or on others, the di.scuvcry of which was 
more or les.s in the nature of accident, and which were 
similar in properties to those natural colloids. These be¬ 
long to the group II. (li) iu the above classification (p). 4), 
consisting of systems of two liquids, and known as emul¬ 
sions. Now', the colloids of the gron|i 11. (c), consisting of 
a solid disperse jihasc in a liquid disjiersion medium, were 
investigated at a later date, and as they are on the whole 
of a simpler nature than the emulsion colloids, many of 
the most important properties of colloids were not found 
out until compiaratively recent times. 'The terms sol and 
gd are frequently appilied to them; the former is un* 
objectionable, not .so the, latter. It is rot desirable to 



6 GENERAL PROPERTIES OF COLLOIDS 

apply the 'same fenns to processes or states which 
may be essentially difl'erenij. though,' superlieially tliif 
same; 

' As already suggested in the abovd olassifioati6n, ffels 
usually consist of two liquid phVsos, but may in some 
cases consist of a solid phase and a liquid phase. In the 
case of suspension colloids there is little doubt that the 
sol contains a solid phase and a liquid phase, and this is * 
probably also true of the precipitated colloid, to which the 
term gel has been applied. It is not impossible that here 
the two phases may be liquid, but even if it he so, the 
phenomena are not comparable with those exhibited by 
the gels proper, and it is better not to extend the name to 
them. 

Starting from the fundamental idea that colloids arc 
heterogeneous systems, one phase of which is liquid, and 
the other either liquid or solid, we have first of all, when 
the dispersity ir not high, the two classes known as emul¬ 
sions and suspensions respectively. As the dispersity in¬ 
creases we have the typical emulsion colloids and 
suspension colloids, which may conveniently be named 
ermlsoids and suspcnsoiils, the corresponding general term 
being dispersoids. Some, as 1’. P. von Weiiuarn, would 
still further subdivide the region between this dispersity 
and the apparent homogeneity of solutions, into enmlsides 
mspensides, and solutides, the latter merging into true 
solutions. Hut these terms have not os yet found common 
recognition, partly because the phenomena can be ade¬ 
quately described and discussed without them. 

The classification of sol3,,into suspensoids and emul- 
soids, based upon the state of the disperse phase, is not 
‘altoge^ther satisfactory, for some systems, in which the 
disperse phase is undoubtedly liquid, exhibit characteristic 
properties of suspensoids, while others, in which it may bo 
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6UJ1U, aic inuit) like the oimflsoids. Tlig (Ictorminiiig factor 
‘seems to be the {rcsenco absence of alfiiiity between 
the •two'’ plmscs, whether in tlie form of solubility or 
chemi&l conibinafion, the formation of a gel being a sig¬ 
nificant n>anifestation if the difference between the two 
classes. Tlie term hjopluU has been applied to those 
systems in which there is marked alfmity between the 
phases, and li/opJioIie to the others. When water is the 
dispersion medium the terms h/drophik and hydrophohe 
are commonly used. Bnjadly speaking, this classification 
is the same a.9 into emulsoids and suspensoids. 

Lyotrope Series.—Another asp(!Ct of the affinity 
between di.spcr.se phase and dispersion medium may be 
referred to here. There are many striking differences 
between suspensoids ami emulsoids, or better, between 
lyophobe and lyopdiile sols, and c.spccially in their 
behaviour towards chemical reagents. With the former, 
the effect of the added reagent is produced almost exclu¬ 
sively on the di.sperse phase, while with the latter, its 
effect on the dispersion medium is also of importance, and 
may oven overshadow the other, and so become the pre¬ 
dominant feature. 

It is well to remember at the outset that the ordinary 
physical properties of a lyophobe sol are very little 
dilVorent from those of the pure dispersion medium, while 
the converse hohls for lyophilo .sols. Now tlieie is a 
large iiumhcr of reaction.? in solutions which are markedly 
inliuenoed by the addilioii of foreign substances, which 
from their nature .seem debarred from taking any cbcmical 
part in the reaction. Tlie yifcroncc is Lbat tbeir influenco 
on the clioniical reaction is an indirect ellect, the direct 
effect being a change in the natnre of the solvent, pnr- 
duced by the added substance. This is confirmed by the 
following facts. 
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If the rviigents arc arranged in order of tlicir indnonce 
on tlie reactions, the same sequence is nhtaiued in wide!)* 
dill'ering reactions. 'Die rea*ction may he iirosioteil liy 
certain reagents, and hindered by otluns, in comparison 
with the reaction in the pure solution. 'I'liis sequence 
does not appear to follow any iccogni.salile chemical order, 
(IS, r.y. valency, atomic weight, etc, in some rojictions 
the order is reversed, but the sequence is still iiiaiii^aiued. 
'ihc order is I'reqiiently reversed when the same reaction 
takes place in acid and alkaline solutions, i.e. the snh- 
■stances which favour the reaction in acid solutions hinder 
it in alkaline solutions, and conversely, the sequence 
remaining the same in both cases. 

Among the reactions in which this lyotrope iiiflnenee 
has been recognised are the following: the catalysis of 
esters, the inversion of cane sugar, the setting of gelatine, 
and the heat-coagulation of alhiiinin. It is very sigiiilicaiit 
that the (same sequence is observed in the clfect of siili- 
stances on many of tlie physical jiroperties of water as 
coiiijiressihilily, viscosity, density, surface tension. This 
it is wliich jioiiits to the lyotrope clmracler of the elt'ect 
in the eheniical rcactioms, the essential prop alies of the 
water, on which its behaviour as a solvent and as a dis¬ 
persion medium depend, being changed in a definite 
111 ,aimer to a fixed e.xteut by these siilistauccs. Appended 
are a few examples of reactions ami jiroperties, whicli will 
illustrate the lyotrope scries. The ions are arranged in 
order of their effect upon tlie velocity or tlie property; 
thus ions which precede (If./J) reduce the velocity of 
reaction or the miiiierical value of the compressibility, 
eta., of water, the first nieiilfioned causing the greatest 
reduction, wliile tlioso wliicV succeed incrca.se the 
velocity', etc., the last meulionod having the greatest 
effect. 
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1 . The Hyilrolysis of (fstcrs by aoi^s. 

Jfiiions: RO^(If.^O)CA^VA-. 

.Katioiis: (IW) Li < Na < K < [!1j < Cs. 

SO^ rc’tiu'ds llic attion, the other anions and tin? katidns 
accelerate it. • 

2. The Hydrolysis of esters by ha.^cs. 

Anions: I > N(\ >l!r > Cl > A {IhO) 0, < SO 4 
Katious: Cs > lib > K > Li (//jC). 

The ions which accelerate the acid hydrolysis retard the 
basic, hydrolysis, and vice versa. 

0 . Tlie Conipre.ssibility of aqueous solutions. 

Anions: COj > S( > Cl > l’>r > Ni'j > 

Kiitions: Na> K > Li> Xll^f/AC). 

In all cases tin; sohitiojis are le.ss coiii|iros.sihIe lhan waler 

4. The Suil'ace Tension of aqueous soliilioiis. 

(//jC) 1 < NO3 < CT < S(>4 < (’(Ij. 

Tlic .surface tensions of the .soluUon.s are escater lhan that 
of water. 

5. The VLcosity of aqueous solutions. 

Anion.s: X' 03 > Cl(//jC) SO,, |Tota.'siuu] salts]. 
Katious: Cs > Ill) > K {IIM) Na < l.i [chlorides]. 

The viscosity of the solutions of KNOj, KCI, CsCl, IthCl 
is less than that of water (so calhal “ ni'"ali \'0 viscosity ”), 
that of the other salts is gi eater than that of waler. 

Coagulation, again, is a term which is apidicd more or 
less indiscriminately to several iihcuomena, e.g. to the 
formation of a precipitate in cmulsoid sols, as the proteins, 
especially by the action of heat, and also to the precipita¬ 
tion of suspensoid sols, specially by the addition -of 
electrolytes. As, however, little is known regarding the 
mechanism of the former type of reaction, this duaNuse of 
the term is not of much consequence. But undoubtedly 



10 GENERAL PROPERTIES OF COLLOIDS 


the latter s6t of cUanges are Tiotter dejiuiiatod as jirc 
cipitatioiis. 

Sol-gcl Transformatioa—The ambiguity in th'o use of 
tlid'term'gel has already been referred tS. The reversible 
transformation of sol ^ gel is a phenomenon, the extreme 
importance of which is likely to increase, as so many other 
effects are hound up with it. The nomouclahiro is 
admittedly inadetpiate; verbs to express the proee.5ses 
and names of the processes themselves are much needed. 
It is now difficult to justify such a statement as “ the gel 
dissolves to a sol,” for if the gel dissolved, the result 
would be a solution, not a sol. 

The term gelatinisation is frequently used for the 
change from sol to gel. It i.s felt to ho too long, for some 
have reduced it to gelatinatiou, but as gel is the 
generalised-form of gelatine, ijdalion is obviously the most 
appropriate term, and the corresponding verb is surely 
gdale. The toriti gelation has been occasionally used. 

J'or the reverse change we are not in so happy a 
position ; solution ami solute are unquestionably the logical 
antitheses of gelation ami gelate, but wo already have 
solute for a thing, and solution for both a thing and a 
process, and the more recent solv.ato as an adjective and a 
noun. Graham introduced the veibs pc/r/Ae and peplise, 
and the corresponding terms pe.ktisalion and peptisation to 
express these changes, and probably considered the 
.similarity of the two word.s to express tw'o directly 
opposed processes to be an ailvantage, instead of as Ilow 
the very reverse. At any rate they have not been 
generally adopted, though cuijously the adjective pckloiis 
is coming into use, espeoijlly among biologists, and 
peptisnis also frequently u.sod. 

Now the real objection to peptise and peptisation is 
that they originally were, and still are, strictly applied to 
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only one of the many methods by viiliich a 'gel may be 
transformed into 4 sol; and jt is most undesirable to stamp 
a generaf idea with a name which has been and still is 
jiroperly enough tipplieJ to one small part of tlie i(lea. 
There seems no escape i'om the adoption of the following 
terms;— 

gel, to gelate, gelation, 

sol, to solato, solation, 

they are unambiguous and brief, are logically connected, 
and will save an enormous amount of circumlocution. 

Degree of Dispersity.—Tlie fundamcidal idea under¬ 
lying the chemistry of colloids, and much more, is that of 
heterogeneity, but between certain woll-delincd limits. 
Tlie upper limit has been fairly definitely estahlislied, and 
lies above the limit of microscopic visibility (which may 
be placed at 10 ~® cm.). At this di.spersity tlio properties 
of the substance begin to difl'er appreciably from the 
[iroperties of the suhstanco as it onliimrily occurs; at 
this stage the phenomenon known as lirowniau movement, 
just observable at about 10"^ cm., is well developed, and 
the surface energy is no longer a negligible fraction of tlie 
total energy of the system (p. TTG). I’artielcs between 
these limits (10"^ cm. and 10 ® cm.) are termed microns 
in Zsigmondy’s nomenclature. 

Tlie lower limit can not be below the dimensions of 
molecules (about 10"® cm.). TJItramierosoopic hetero¬ 
geneity has been directly obsorveil at 5 x 10“’’ cm., the, 
pafticles between this and 10~®cm. arc termed sMiauoms, 
and the existence of particles of approximately 10~’ cm. 
diameter has been demonstjated in an indirect manner,by 
Zsigmondy; these are knoyii as amicrons. Below this 
again must lie the apparent homogeneity of true so^ution^, 
which, however, must ultimately bo regarded as truly 
heterogeneous. 
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There is Unis, unoroKen'continuity between the 
coarsest-grained heterogeneity, and thef apparent liomo- 
goiieity of the true solutions, and tlie molccnlai'stalo in 
gases. 

Historical Note,—Graliam is Anially regarded a.s the 
founder of colloid clieini.stry, and so iu a certain sense he 
was, but many of the properties on which he based his 
ideas, and some of the ideas, were already known to his 
predecessors, as wore also inany of the ideas which have 
been put forward siuce his time. 

A glance at the section of the Imok dealing with 
methods of jncparatiou will show that metal sols, prepared 
by reduction of salts, wore I'aiily well known, and several 
investigators expressed the view that these so-called 
metal solutioijs w'ere suspemsions and not solutions at all. 
While the.metal sols formed by kathode reduetiou were 
generally considered to be Iiyiliides, Rubhiud (1815) and 
I’oggendorf (l.SiS) pronounced tbem to bo metals in a 
very fine state of division. And Berzelius, iu his 
“Lehrbucli” (1841), having described arscuious sulphide s<d 
as obtained by tbo action of liydrogeu sulpbide on 
arsenious oxide solution, says: “For llio present this 
,solution is ratlier to be regarded as a suspension of trans¬ 
parent particles, for arsenious sulphide gradually separates 
out as a precipitate,” * 

The suli)linr sol, formed by tbo reaction between 
sulphur dioxide and hydiogou sulpliide in water, was 
discovered liy Wackenroder (1840), lie states that “if 
the liquid is frozen and thawed, a great part, but not ^11, 
of tlie suspended sulphur seyarates out. But it is im¬ 
mediately and completely sojjarated out in large flocks if 

* “ Ilflwischcn ist diese Losung wulil mohr als eine Suspension von 
durchsiclitigeu Teilohen zu betrnebten, denn allmuhlich scheidet sich 
das Scbwefelarsonik nb und fallt nieder.'i 
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a neutral salt of an alkali, as NaCl, k added’ to the aci'd 
liquid.” * 

Andllubrero and Sclini(18rj0),in an elaborate account 
of tlio'saino sulplmr sol^inake tlio following rciualks: If 
water i.s added to it, i* dividc.s up, forming an cmul.sion, 
from which it does not separate out, even on prolonged 
standing (.sevcrid months).” . . . “ If a little aqueous 
sulutifui of a neutral iaota.8.sium or sodium salt is added to 
the emulsion, sulphur is immediately precipitated, but, 
singularly, if a sodium salt is used, the sulphur does not 
lose tbo properly of dividing itself up again in water. 
All that is necessary is to d"cant the liquid containing 
the sodium salt, and to wa.sli the precipitate several limes 
with distilled water; after the second or third wa.sbing 
the sulplinr does not settle out, 1 at regenerates the 
emulsion. If a pot.assiiim sail, especially the ,sul|ihalo 
has been m-ed, the precipitated sulphur has cpinidclely 
lost the property of emulsifying in water. *. . . In sin'te of 
repeated washing, it always retains a trace of the potassium 
sulphate employed for the precipitation. . . .” 

“This enormous quantity of sulphur hs, one would he 
iiielincd to say, dissolved, for it hardly alfects the 
limpidity of the liquid. . . . Sulpliur can Ihus lie inodi- 
iied in an extraordinary manner by the substances present 
at the lime of deposition, these adheiing obstinately, 
probably by sinqdo adliesiou, and can either acquire tlio 
property of emuhsifying in water, or a.s.sumc a state of . 
aggfegatioii which proveiits it dividing up in water. It 
tlms appears that sulphur exhibits jiheuomeiia analogous 

‘ “ Ltisst man sio gofiioron und ^vunlor auftliaiion, so scheidot sicii 
zwar ein grosser Tiicil, nbor iiiehb allcr sah^foudiertcr Sehx^fcl abT 
Augcublicklich jodoch wird dorselbo in grosseu Flockon rein abgescbie' 
den, wenu man die stark sanro Flussigkcit niit einem ^cutralea 
Alkalisalzo, vomciimlicU mit K^ichsali^lbsung, vormischt.” 
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to those observed, with many other substances, which 
possess the power of dispersijg and dividing themselves 
in a Tiqnid, without completely dissolving in !t, as e.g. 
soap, starch, and prussiau blue, on 'which one' of us 
(Selmi) has previously made obseavations similar to those 
now described. These facts are related to a sot of 
phonomcna which M, Selmi has classed togethov under 
the name of pseudo-solutions. The number of pseudo- 
soluble substances seems to be pretty large.” ^ 

The first observations oti the hgdivlgsis of salts 

^ “ Si Ton y ajoiite do I'oaii II s’ydiviso on formant uno Emulsion 
dont il MO 80 sdpare plus, niomo par un repos tn^s-prolonge' (plusiours 
mois).” . , . “ Si, a rciualsion do .so soufro, on ajoiito uii pon do solu¬ 
tion aqnoiiso d’uri sol iicuLre do potasso ou do soudo, on obtient iinm^- 
diatoment un pr<*cipit.(5 do soufro, juais (clio.so singuliero) &i Ton a 
employe un sol de soudo pour la precipitation, lo soufro n’a pas perdu 
la proprietc do se deviser dans reaii. 11 suflit, pour s’on asburer, do 
decanter le liquiilo contoiiant la sol sodiqiio, ot lavor le pr(5oipit6 
pluaiours fois ave(\do I’eau distilh'n; au deuxii ino ou au troisiime 
lavago, le soufro no so doposo plus: il regonore lYiniiilsion. Si, au 
contrairc, on a employe un sol potassique, surtonb lo sulfato, lo soufro 
pr6cipit6 a perdu couipbHomont I.i propridti do sYinulsiounor dans 
I’oau. . . . Malgr6 los lavagoa ropotos, il rotiont toujours un peu de 
eulfafo do potasae employe pour la precipitation.” . . . 

" Cette 6norme quantito do soufro e.st, on dirait, dissouto, car die 
n’altdo presquo pas la liinpi(lii6 du Iniuidc. . . . Lo soufro pout 
done 6tre modtlio, dans sa mamuco d’olrr, d'une fagon toute par- 
ticulitke par la presence doa corps au milieu dosquels il so d^posei 
et qui y adherent avec opinnUrot^, probablomcut par simple adhesion, 
et acqu6rir tantot I’emulsion ability, tantdt un 6tat d'aggrogation 
qui rompfiche de se divisor dans I’oau. II resulte, on outre, que le 
* soufre ^mul.sionnable pre'sonto dee phdiomoucs analogues 4 ceux 
qui g’observont dana beaucoup d’aubres corps qui joni.ssent Se la 
propri6t6 do se disperser et so divisor dans un liquide, sans toutefois 
8*y dissoudre absolum^nt, tds quo lo savon, I'amidon, et le bleu de 
Prusso, Bur lequel un de noas, M. Selmi, a d^j4 fait des observa¬ 
tions analogues 4 cellos que no^is venons d’exposer. Ces faits se 
tattacbent a un ordre do pbdnom^nes que M. Selmi a bien caraetd- 
ris4s, e^qu’il a rSunis sous le nom do pseudosolutions. 11 parait que 
le nombrp dos corps pscudosolubles est Msez grand.” {Ann, 
P;ij/s.,iy50, [iii.J 28, 210-2x5.) 
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resulting in the formation of sols were ijiade byGay Lussa< 
\1810) on alumini^im aoetatg. Berzelius * then gave a full 
(losoriptiun of the preparation of silicic acid by the 
hydrolysis of silioSn sulphide. 

“j3 silicic acid is obtained in its purest form when 
silicon sulphide is oxidised by water; hydrogen sulphide 
is evolved as gas, and the j8 silicic acid dissolves in the 
water.* In a more concentrated state tho solution soon 
turns to a gelatinous mass.” I’rt'iny^ (IS.'iS), on the same 
subject, added little to j’erzelius’ account; he says; 
“The hydrated silica nunains completely dissolved in the 
water, and this siliceous water is sometimes extremely 
stable; if dilute, it can be kept for months witliout 
depositing any silica, but it becomes gol.atinous and gives 
up the .silica when it is concentrated or boiled, or when a 
soluble alkaline salt is added to it.” 

The peptisation of .silicic acid gel by alkalies was 
descrihod by both ISerzeliu.s (ISd.'i) and by Kiiliu (18bd). 
The latter3 .akso states that “by treating silicic acid jelly 
with water it is easy to obtain 5 per cent, solutions which 


* “In ibrem reinston Ziistaud bilcl<-t sio sich durch Oiydation 
voQ Schwcfelkicsnl auf Kobten von Wasscr; C3 entwickelt sich 
Scbwcfolwasscrstoff-ga‘!, und die $ Kiosolsuiiro lost sich in Wasscr 
auf. In konzentricrterein Ziistando jifestobt die Ld'Ung bald zu eiuer 
gallertartigen Wasso.” (Berzelius, Lchrbuch, [) auf. 183H.) 

* “ la silico hydratee qui rosto outi6reiriont eu dis.solution daus 
roan. Cotto eau siliceuso presouto quolquofois uno grande stability; on 
pent la consotver pendant des niois entiers lorsq’cllo ost ^tondue sans 
qu'eflo livisse de'poser do la silico; mais ello doviont gclatineuso et 
abaudonne la silico qu’elle tient en dissolution quand on la concentre 
lorsqu’on la porte d i’ebnllitioii ou qn’on introduit dans la liqueur d©3 
Bels alcalins solubles." {Atm. 2^%.?., 1858, fiii] 38,312.) j 

* “ Die Hauptbedingung zur Pjirstellung eiuer solcher Aufliisung 

bestelit darin, dass Kioselsiuiregallorto, welche dazu dienen soli, iu 
mdglicbst au.sgod6bntor BcschaHonbcit bcrcitct und gewisseranfssen so 
lango ill statu nasccudu crhaltcn wi»d, bis sic zur Auiliisung blnlanglich 
vorberoitet ist." {J. pr. 1853, 59, 1.) 
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lii'O quite stable. The chief coudition iu mahiu;,' such 
solutions is to have the siliiiic acid iif as fine a state as 
possible, and to keep it in statu nascciidi unld it is beinq 
prepared for dissolving np.” 

The researches of Crum (185.'>) and of Pean de Saint 
Gillcs (1854) on the hydrolysis of aluminium acetate and 
ferric acetate come next. In the former case Crum 
obtained pure aluminium hydroxide sol by luatihq Cue 
dilute solution for ten days in a closed cessel, and boiling 
olf the acetic acid in shallow basins, lie failcil to do the 
same with ferric acetate, but Pean de Saint (Jillcs sue- 
cecilcd in the tollowiiiq year, althouyh he was unable to 
oet rid of all the acetic aci I. lloth of them carried out 
precipitation reactions with neutral salts. 

Then with tiraham’s comprehensive resc.arches on 
dialysis and its application to the purification of sols, 
and on ^he prepiration of the inipure sols by ]ie])lisa- 
tion, by wasldfio out, by double decomposition between 
salts, and by the action of acids on soluble salts, as sili¬ 
cates, stannates, etc. (1801-18(14), we enter on the period 
when colloid chemistry was recognised as a special branch 
of science. Tlie historical development of each special 
depaitmeiit is hiiefly outlined in tlie le.xt. 

The treatment of the subject falls naturally into three 
divisions—the general properties of colloids (sols and 
gels); the methods of preparation, and the factors which 
govern the productmn and stability of colloids ; the ’con- 
iieclion between the properties of colloids and surface 
phenoiuona, imduding in particular surface ooriccntratioii 
and adsorption in gases andj.solntions. if justilication is 
IneedqiJ for dealing with the properties of colloids before 
detailing the methods of pieparation, it may ho found in 
the factThat although ohiiously* colloids were obtained or 
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prcpiircd before tlicir properties could lio ascertained, tli» 
ISttcr wore earlier jiade tlio pbjcct of scientific investiga- 
don. . Tims, while at first the production of a new cotloid 
was of the nature df an accident, their general behavioifi' 
was well made out 04 * these natural or accidentally 
liscovered colloids. Not until these general properties 
lad bceji recognised did it become possible to treat 
iysteniatically the methods by which colloids might bo 
troduced and pre.served. This, indeed, has only been done 
.vithin the hist few years by von AVeiinarn. The order 
idojitcd in the te.xt is therefore— 

I. The General Troperties of Colloids (sols and gels). 

II. The Methods of Treparation. 

III. Surface Thciionicna and Ad.soiption. 

IV, A]iplicalions of Colloid Oheiuislry. 



CIIAPl’KR ri 

OKNERM, DIFFEKENCES BETWEEN SUSI'BNSOIDS AND, 
EMULSOIDS 

Introduction.—Sus 2 )ensoids uro usually ileflned as sols in 
wliicli the disperse phase is solid, wliilo in emulsoids it is 
liipiid, the disjaersion medium being in each case liquid. 
Kow this alone will not account for all the divergences 
between them. It is, indeed, not inipos.sible that in both 
the disperse phase is liquid. Apart from the theoretical 
consideration.s, based on the optical bohavionr,* which are 
in favour of sj herical particles, there are many facts which 
point to the same conclusion. 

In many of tho methods of preparation, there is every 
scope for Ostwald’s “ Rule of the appearance of tho least 
stable form.” As has been shown time and again, when 
a new phase, which is finally solid, makes its appearance 
suddenly, whether from vapour or solution, it appears first 
as a liquid; it may run through many intermediate (labile) 
forms before reaching its final solid form. Sulphur, for 
instance, forms globules, which crystallise later. Crystal¬ 
lisation as siiherolites is well known. Even in the case 
of some metals, eg. burnished gold, silver, the surface 
layer has been found to bo oi tho nature of a liquid film.* 

The difference must, therefore, bo sought elsewhere. 
Quincke long ago expressed tho opinion that what we 

>' Maxwell Garnett, Phil. Trans., 1904, 203. 385 ; 1906, 205, 237, 

• Beilby, Proc. Thy. !^oc., 1903, 78^ 218. 
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now call emulsoids wore two-pliaso liquids, each of which 
contained both cfemponento. Golatino sols contain 
amicrons only at high temperatures, while subinicrons 
appear at lower temperatures; the same occurs* with 
agar sols. Hardy' investigated agar, and found that, by 
pressing out liquid from the gel, two phases were obtained, 
which contained agar in different amounts, e.g. 

Agar gel (2-23 per cent. agar). 

Concentration of Afjar. 

Temp. Liquid. Solid, 

SO’ 0 47 3-2 

13” 0-12 4-7 

5” 0-09 3-0 

Spiro also regarded the “ sailing out ” of albumin as a 
se paration into two liquid layers, each of which contained 
all throe components, but in different proportions. 

In suspensoids, on the other hand, w’e have a disperse 
phase, solid or liquid, which doe.s not conihino with tho 
dispersion medium, and is practically insoluble in it, e.g. 
tlie metals, sulphur, molallio sulphides, etc. The hydrox¬ 
ides can combine, more or loss, with water, and are more 
like emulsoids in many respects. 

Emulsoids may then bo regarded as intermediate 
between suspensoids and solutions, and may iu some oases 
be solutions of substances of high molar weight. Some 
evidence of this will bo found below (see eg. Optical 
Properties). The behaviour of silicic acid also points in 
the saSie direction; when first made by tlio action of 
hydroehlorio acid on water glass, it is in true solution, 
as shown by its optical proferties and its diffusion.* 
Graham found that 5 per cent, iValysed away in 24 hours, 
9ud that no further loss occurred in the next four da,^.® 

‘ Proc. noy. Soc., 1900, 66, 95. 

* Phil. I'ra)M.,aSCl, ISl, 183. 
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T'le soluble aoid'clianges with time into a sol, in which 
Zsigmondy found ainicrons« only. E);en this diffuses to 
some extent (see below) and has a distinct osriiotio pres¬ 
sure; 'its viscosity, too, increases conlliuuously nnlil gel is 
formed. Many dyes exhibit similar anomalies; methyl 
violet diffuses rapidly through parchment paper, hut has 
abnormally high molar wciglit, and, in the uUianiicro- 
scope shows a light cone together with a few sub- 
microns. 

Many other instances might be given, in which there 
are evidences of the existence both of solution ami of 
sol, but one more must suffice. Casein is an acid sub¬ 
stance, insoluble in water. It combines with a fixed 
proportion of alkali, and is then solnblc. This solution 
possesses a good electric conductivity, which changes 
normally with dilution, but it does not diffuse tbrongli 
parchnjeut paper. Its molar wciglit, based on its con¬ 
ductivity and'its combining weight witli sodium hydroxide, 
is estimated * at 5000; a substance witli this molar wciglit 
should dilluse fairly well (see below). 

This fundamental difference between suspoiisoids and 
cmulsoids finds expres.sion in many of their general pro¬ 
perties, and most of all, in those properties which undergo 
marked changes as the result of solution; such are density, 
viscosity, and surface tension. 

Density.—The density of susponsoids can bo caloiilatod 
by the law of mixtures, as Linder and Pictoii - proved for 
arsenious sulphide sol. • 

Density 

AS 2 S 3 (poc cent.', Observed. Calnulafccd.* 

4-4 ' 1 mm 1033810 

2 2 r^lG880 1-01G905 

1*1 1-008435 1-008440 

0*01719 1-000137 1-000134 

‘ Sackur, ZeUsch. physi^Ml. Chent.f 1002, 41,072. 

• Chem. Soc. Joum., X805, 67, 71. 
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The densities of ennilsoids do not appear to have been' 
determined accurately, but contraction occurs when 
golatifto and starch take up water {i.e. the volume of 
starch -f volume of watpr > volume of sol). 'When a 
ferric hydroxide sol is* precipitated, there is a slight 
lilahition,* wliereas the volume of an arsenious sulphide 
iol i.s unchanged. 

'Acchrdiug to Gayda,® tlic density of albumin is 1’299 ; 
i volume contraction takes place on solution, and also a 
liglit contraction on dilution of a concentrated .solution. 
Jliick and Martin ^ give the den.sity of dry casein as 
.. 918, tlie density of a 7'8n per cent, sol is 1 024, which 
gives 1 39 for dry ca.sein. Similar results were obtained 
witli egg albumin and scrum albumin. 

Surface Tension.—Linder and I'icton founct thesui face 
tension of arsenious sulphide sol and ferric hydroxide sol 
to he the same as that of water, and the same is .true for 
metal sols. 

The surface tension of einnlsoids is, in many cases, 
much smaller than that of water. Quincke^ gives 
numerous examples; thus, the surface tension of dilute 
sol of egg-white is 28 per cent, and of gelatine 12 per 
cent, less than that of water. 

In accordance with this difference, suspensoids are not 
adsorbed, as a rule, while emulsoids usually are. (See 
Adsorption, Chap. XVI.) 

Viscosity.—As the concentration of most suspensoids 
is small (Zsigmondy’s gold sol 0'12 per cent., arsenious 
sulphide sol 4'4 per cent.; these are maximum concen¬ 
trations ; metal sols are usually below 0 05 per cent. 

* Chem. Soc. Journ., 1895, 67, 71. 

* Biochem. Zeitsch., 1912, 89, 400. 

» Koll Zeitsch., 1913, 12, G9. 

* Wied. i4nn.,^885, [iii] 85, 582. 
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' and the olliers below 1 per cent.), their viscosity is not 
likely to differ greatly from that of thetdispersion medium." 
On {)recipitation, the viscosity is usually found to* hedightly 
'decreased. 

The concentration of emulseids is not so restricted, 
and their viscosity is often much greater than that of the 
medium; it also steadily increases with increase of con¬ 
centration, as the following figures * show:— 


Sol 

Concpntration 

t 

Viscosity 

Gelatine , 

. 1 % 

20° 

0-021 

>» » 

. if „ 


0-037 

Egg-white 

. i-c „ 

17-5° 

0-0115 


. 29 „ 


0-0125 

Silicic acid 

. 0-81 „ 

20° 

0 012 

tr 

. 0-99 „ 


0-016 

V 

. 1-96 „ 

i> 

0-032 

1) 

. 3-67 „ 

II 

0-165 


The viscosity of water at 17'5° is 0'0120, and at 20° 
it is 0'0120. Pauli 2 gives the viscosity of 1 per cent, 
albumin as I’OOS (water = 1). As both those results for 
albumin were obtained by the capillary tube metliod, it is 
not easy to reconcile the differences found for albumin. 
The swinging disc method applied to emulsoids is known 
to yield values which are invariably higher than those by 
the capillary tube method. The difference may amount 
to 10 per cent. This and other peculiarities of the results 
of the swinging disc method are explicable on Quincke’s 
assumption, which Garrett also adopts, of two liquid 
phases, each containing both components. 

Ferric hydroxide sols also give a difference in viscosity, 
as determined by these me^thods. 

^auli observed that the viscosity of albumin sols is 

> Garrett, Disiertation, Heidelberg, p. 61. 
f Kolloidchmwhe Studief. am Eiweiss, 1908, p. 0, 
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diminished by small amounts of nouh'al salts (Fig. I); 
•while it is greatly*increased by both afids and alkalies. 
It is'increased 18 per cent, by O’Oln HCl, or by O'OSn. 



NaOn. The elTect of neutral salts is attribyted td adsorp¬ 
tion, that of acids and alkalies to chemical changes (in the 
direction of solution). 

There are, according to Wo. Ostwald,* several other 
factors affecting the viscosity of emulsoids, e.ij. dispersity, 
hydration or solvation of the particles, electric charge, 
previous thermal or mechanical treatment, addition of 
small amounts of more viscous sols, and time (p. 121). 

Ilatsohek assumes that part of the dispersion medium 
is bound by the disperse phase; this leads to ij' = 
i)(l d- 00 + jio"). As Wo. Ostwald ^ points out, this is in 
agreement with the solvation theory, which loads to a 
similar o.vpression for the osmotic pressure of cmulsoid 
sols. 


‘ KoU. Xeiisch* 1919, 24, 7. 
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DIFFUSION AND DIAI,YSI3 

In tlie coiiiso of lus experiments on liquid diffusion, 
(iraham found lliat solutions could be divided into two 
classes, according to tlieir rates of dilliision. Salts and 
crystalline substances generally {cry4aUoiih) had diffusion 
coefficients of the same order, while certain non-crystalline 
organic substances (colloids), as starch, gum, gelatine, etc., 
and some inorganic substances, diffuseil at a very slow rate, 
or not at all. The division was not very rigid, for the rates 
of diffusion in each class varied within wide limits. 

On extending his investigations to the diffusion of 
solutions into a gelatine gel, he found the two classes 
wore more sharply dilferentiated, in that the diffimsion of 
crystalloids in the gel was practically the same as in 
water, whereas that of the colloids was reduced to a very 
small amount, and in most cases was entirely iireventcd. 
Thus, the diffusion of a 10 per cent, solution of sodium 
chloride into water, and into a 2 per cent, gelatine gid 
were the same, as the following figures show 


Number of 

Water 

2% gelatine 

layer. 

7 days at y*. 

8 days at 10*- 

1-2 

0*030 

0-030 

2-4 

0-079 

0-001 

5-0 

0-215 

0 212 

7-8 

0-?29 

0-562 

9-10 

1*100 

1-110 

11-12 

1-907 

2-108 

13-14 

2-844 

2-393' 

•15-10 

3-294. 

3-450 
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Caramel, on tlie other hand, had‘Bcarcely begun to 
«.ffus 0 into the ^latine at* the end of 8 days, so that 
no sfinihir table f'jir it is possible. Gehitiuised starcii, 
gum, and coagulated ^rll^umin, also had very little effect 
on the rate of dill'nsion M crystalloids. 

It will ho noticed that the two series of figures arc by* 
no means identical, or even parallel, .although Graham 
coholnlled from them, and from other similar results, that 
diffusion of crystalloids is not hindered by gels.* 

In the further modification of the diffusion e.vporiraent 
suggested by these results, the solution is separated from 
the i)ure solvent by a thin layer of colloid, such as a sheet 
of parchmout paper or animal membraiie. The differences 
between crystalloids and colloids were again observed, 
and in a more marked degree. The foi oier readily diffused 
through such a septum, frequently with undiiuinished 
velocity, while the dill’usion of the latter, already small, 
was still further reduced. The connexion between the 
two phenomena is clearly shown by the llgures below, 
compiled from Graham’s results:— 

Times of etjual Amount dialysed 


Substance. 

Jbl'liisiuij. 

m ctjual tiuios. 

Sodium chloiide. 

. . 1 

1-0 

jtminonia . . . 

. . (10 

(ivsr. 

Alcohol . . . 

. • 

()'47 

Glucose . . . 

. . 

o-;:o 

Carie sugar , . 

• • * ^ 

u-47 

• liini arabic . . 

. . 7 

0 008 

Tannin . . . 

. . U 

0 015 

Albumin . . . 

. . 21 

0 008 

Caramel . . . 

42 

0 005 


This process, which obviously permits of tho^con¬ 
venient separation of crystalloids from colloids, is known 


* Graham, Experihuntal Researches, p. &98. 
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'as dialysis. Tli<? apparatus employed by Graham cop- 
sisted of a short, wide gla*? cylindA', or of^a woodeif 
hoop, on which was tied a sheet of bladder, or of ^jarch- 
ment paper. The dialyser was .floated in a larger vessel 
containing water, which could be renewed from time to 
time. This form of dialyser is not at all convenient. 
The interface, on which the rate of dialysis must depend, 
is relatively small; again, the solutions to be dialyScd, 
frequently of a very unstable nature, are exposed to 
atmospheric influences for prolonged periods. 

Various practical forms of dialyser arc now obtainable. 
Tubing of parchment paper may bo had iir any length, 
and is obtainable from any instrument dealer. It should 
always be tested for leaks, which can usually ho closed 
up with gelatine, or with white of egg, which is then 
coagulated by heat, liefore use, the tubing should bo 
well purified by soaking it, inside and outside, in many 
changes of pure water. Inattention to this important 
detail is accountable for many undesired results, especially 
in the dialysis of sols which are coagulated hy minute 
traces of certain salts. In the dry state the tubing is 
liable to crack, and should bo well soaked before use. It 
can then be bent into a U, and placed in a beaker; if 
the U-tubo projects a little above the edge, a slow 
stream of water can bo run through tlio beaker. With 
the large surface and the constant renewal of the water, 
dialysis is rapid. As the ends can bo closed with corks, 
or folded together, tlie risk of contamination or decompo¬ 
sition is much reduced. 

• For small quantities of«substance, and for substances 
like albumin, parehmentt paper thimbles, as made by 
Scllfeicher and Schull, are very convenient. They may 
be mounted in the following way: slip the open end over 
a carefully fitted glass tube, filing it by means of a short 
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jiiece of good rubber tubing. Tliis jcHnt is quite watef- 
• proot^ and the rubA)r does not come in contact with the sub¬ 
stance. ’I'he tubes are clamped in a beaker, so that the 
thimble is completely iijiinerscd; the water is constantly 
renewed in the beaker. • The whole tube can be sterilised 
and the glass ends can bo plugged with antiseptic cotton, 
wool. ‘With these thimbles the author has dialysed 
crj'staTlised egg albumin until it was electrolyte-free, 
without fermentation occurring, even in summer. 

lleceut investigations have shown that parchment 
paper is not the most efficient septum. It is slower, and 
may not only retard tlie diffu.sion of the crystalloids, but 
may also allow the colloid to escape. Collodion films, if 
suitably prepared, are highly efficient, effecting separations 
more completely in much less time than does parchment 
paper. They should bo made when required, and can be 
made of any desired size or .slnapo; the degree uf perme¬ 
ability can also be varied to suit given requirements, by 
a simple alteration in the manipulation. Full instruc¬ 
tions and bibliography are to be found in a paper by 
Bigelow and Gernberliug;* but the following details will 
enable anyone to make them. 

The collodion solution is made as follows: 75 c.c. of 
ether are poured over 3 g. of commercial jiyroxylin in 
a corked flask; in 10-15 minutes 25 c.o. of ethyl alcohol 
are added. The pyroxylin dissolves qrnckly and com¬ 
pletely to a clear liquid, which does Jiot require filtra¬ 
tion." 

To make a sheet, pour a few c.o. of the solution on 
a clean, dry glass plate, and 3 i)read it by tilting to and fro. 
Allow the layer to dry until ikis gelatinous, and will bear ^ 
lightly rubbing without wrinkling. Loosen the edge:?and 
peel off. Plunge into water. Larger sheets of uniform 
* Amer. Chem. 7., 1907,29,1676, 
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thickness can be (hade by pouring the collodion on to ^ 
surface of mercury in a shallSw dish. ^ 

To make a collodion sac proceed aj follows: A tmall 
orifice, 1-2 mm. in diameter, is l)Iown in the bottom of a 
tube of the desired diameter. This bole is closed with 
•one or two layers of collodion, none of which should go 
inside the tube. This can bo done by touching thd bottom 
of the tube with a cork wet with collodion, .allowin,:* a 
portion of the solvent to evaporate, and repeating as often 
as neces.sary. The tube is then coated with collodion by 
rotating it on the surface of the collodion, which is in a 
tilted ve.5sel. The tube is e.xposcd to air until the coating 
has “sot.” and does not stick to the finger; it is then 
plunged into water, and water is also poured into the 
tube. If it is immersed too soon, the film is white, 
opaipie, and brittle; if loo late, the film cannot be removed 
without .injury. The proper time, between 2-15 minutes, 
dejiends mainly on the consistency of the collodion; it is 
easily found after a few tiials. The sac is removed by 
blowing into the tube and gently pulling the menilirane; 
tins forces water through the orifice and between the sac 
and tube. They can easily be made up to 40 cm. by 
2-3 cm. 

A very convenient and effective collodion dialyser is 
obtained by soaking a dried .So.xlilct thimble in tlie above 
collodion solution, allowing it to set, and plunging it into 
water. The thimble is cemented to a gla.ss tube by means 
of collodion, and is then inserted in a glass tube whiofi just 
admits the thimble. Highly pure water is run in at the 
hftttom of the jacket at a v«ry slow rate, and escapes by 
a side tube close to the top. Dialysis is very rapid and 
complete; e.g. the electric conductivity of a ferric hydroxide 
sol, prepared by Kreke’s method (p. 199), fell in 2-3 days 
to a value much lower than an^ hitherto recorded. 
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For dialysis to be rapid and at the seine tiiiie efficient', 

♦ as also in the oaA of iiltraSltration, the permeability of 
the oollocrion should be adjusted to tho particular s61 for 
which it is to he used. In the above process this is at¬ 
tained by varying the time hefore ])lungiiig the film into 
water. Frobably the method of W. llrown ^ is tho most, 
satisfactory one yet introduced. >So soon as the 4 per 
cent, (alcohol-ether) collodion film has begun to set 
(whether formed on a glass tulie or iinpregnated in a filter 
paper capsule), it is immersed in .agueous alcohol of 
definite concentration, and left there for some hours. Tiio 
greater the concentration of alcohol the more iiermeahle 
is the film. Ho uniform is the permeability regulated by 
this means that tho alcoliol percentage can be used a.-- ,an 
inde.v. 

Till! method of preparing ultralilters described by 
Wo. OstwahL'* (p. 58) ought readily to he adaptable to 
bolli dialysis anil osmotic prc.ssure dctcrmiilations. 


If* of |)lll\s’» 
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A comparison of the elficiency of collodion, parehmoiit 
paiier, and gold-beater’s skin will be found above. Tlie . 
last-named material is the best yet used for dialysis, and 
parehnient paper is tho worst, iillhongh it still seems to ho 
the one most frequently ompl#)ycd. As a test, a Zsigmondy 
gold sol was dialysed in three dialysers of identical 

* Uiocltcm, J,, 1915, 9, 591; 1917,11, 40. Sec also \ValpoIo*i5ii7., 
1015, 9, 284. 

’ KoU. Zeitsch., 1913, 22, 72*| 1913, 23, C8. 
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pattern and size, Ae septa being gold-beater’s skin, col¬ 
lodion, and parchment pape» The rsAe of dialysis was 
followed by determining the specific conductivity (k) 
eVery 24 hours. 

The undoubted superiority of gold-beater’s skin is 
pbvious. If a time-conductivity curve is drawn, counting 
in each case from the conductivity 11, it will bo seen that 
it takes about the same time (0-7 days) in each ease,do 
reduce tho conductivity from .10 to 11, all the dilfereuces 
occurring in tlie earlier stages of dialysis. 

Memliranes made from pure samples of collodion are 
more dural)lo, and also more j)ermoahU‘, tlian those made 
from commercial samples. In any case, the pcrmeal)ility 
decreases with age, but, as a rule, a film is useful for one 
to three months. 

Dialysis is tlie basis of one of the general methods of 
preparing sols. It was also for a long time the generally 
accepted criterion of a sol, i.e. a substance, which to all 
appearance was in solution, but yet was unable to diffuse 
through a dialyser, was classed as a colloid, and the 
apparent solution as a sol. 

It should ho particularly observed that Graham’s 
results do not show that, as has occasionally been assumed, 
there is no diffusion and dialysis of sols. Though his 
classification into crystalloids and colloids is based upon 
the differences between them in tin's respect, he every¬ 
where gives figures for the dialysis and diffusion of 
colloids ; indeed, in tho same paper ho states in this Very 
connexion, “in nature there are no abrupt transitions„and 
distinctions of class are novet; absolute.’’ 

It may have been convenient to disregard the tran- 
sitioas, and to regard colloids as non-diffusible, but recent, 
more accurate investigation has confirmed the correctness 
of Oraliam’s view, and his experimental results, qualita- 
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lively at least. Thus, Iiinder and Picto* ‘ found that an 
vJenious sulphide |ol diffuse to a considerable extent. 
After 11 (fays, the outer vessel contained O'llSS gt of 
arsenious sulphide ^n 350 c.c. of water, and the*innef 
cylinder contained 0‘821(f g. in 77 c.c. I’urtlier expori- 
nionts with carefully purified sols gave similar results. 
Again, in another direction, Bcchhold and Ziegler ^ have 
•foun^ tl*at the diifu.sion of both electrolytes and non- 
electrolytes is diniinishod by gels, the elfect de])ending 
on the concentration of the gel. The addition of various 
substances to the gel causes further alteration in the rate of 
dilfiision; some, e.ij. sodium sulphate, reduce the diffusion 
still further, others, as urea, increase it. As many other 
properties of gelatine (and other gobs) are changed in 
opposite directions by those substances, this is probably 
another illustration of this iiilUionce (see Lyotropo series, 
pp. 7 and 125). 

Tinally, the presence of crystalloids in a *ol often has 
a marked inliuenco on the dialysis of the sol. For 
instance, a silicic acid sol will diffuse through parch¬ 
ment paper if mixed with sodium chloride. The fairly 
rapid diffusion of some sols may be due to this influence. 
The disperse phase will adsorb small amounts of the 
crystalloids, and their presence may cause diffusion. 
Linder and I’icton noticed that an arsenious sulphide sol, 
to which a soluble tartrate had hceu added, diffused 
appreciably into water, although the particles were so 
large as to bo just visible under tlie microscope. Or, 
perhaps, this also may be another instance of lyotrope 
influences. 

The theory of the Ilrownian moverafint leaves no 
room for doubt that sols diffuse, the difference betwijjn 
colloids and crystalloids being one of degree only. 

' Chm. Soc. Jotirm, 1892, 61, 187. 

Zeitsch, fhyiikal. Chetn., 1^, 66,106, 
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OSMilTIi; I'KESSUItE AND MOf.All WErCIlIT 

Closely connecteil witli tlio question of dialysis in tliaj of 
osmotic pressure, for, as is well known, dii'oct iiicasliro- 
ment of osmotic prissure depends on the impermeability 
of the membrane by the solute, while the solvent can 
freely pass through it. The most important api)lication of 
the laws of osmotic pressure is to the determination of 
the molar weight of soluble, non-volatile substances. This 
was done by van’t Holf, who ]iroved that the gas laws 
could be quantitatively applie<l to tiilule solutions, osmotic 
pressure taking the place of gas pressure, and volume of 
solution the place of gas volunui. I'lius the formula for 
calculating molar weights, which was previously limited 
to gases anil Volatile sub.stancos, was at once extended to 
all soluble substances. 

But before onteriiig into details of the osmotic pressure 
of sols, and the attempts to dedm;e tlie molar weight of 
colloids from tlie related methods of depression of freezing 
point, etc., it is of interest to note that Craham, from 
purely chemical considerations—for these other metliods 
were not known until twenty years later—had been led to 
assign high molar weiglits to colloids. It seems not at all 
unlikely Aat this idea, thus early expressed, dominated 
later research in this direction for many years. 

From the fact that sols of ferric hydroxide and 
aluminium hydroxide, prepared hy dialysis of tho- basic 
chlorides, could not be entirely freed from obloride, how¬ 
ever prolonged the dialysis, Graham ^ concluded that they 
were compounds of (condensed) bases of very high molar 
weight, and deduced the oLemical apuvaleut of the base 
in'the usual maimer from the ratio of base to acid, whicn 
he‘had found to bo approximately constant. After 19 
1 Gralium, ExperiinenM ,Researches, pp. 5H2, 53S. 
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days’ dialysis, there was one cqiiivaleut wf HCl lo of 
EejOs; after 38 daj^ there v;;i 3 one equivalent of HOI 
to 3i’3 ol' Ci'jOj; similar ratios were 'fouml for otlier 
similar sols (soo p. *108). Similarly, the gels of silicic, 
acid and stannic acid «re dis.solvod by very small 
quantities of alkali, c.c/.' 1 part of sodium hydro.xido 
li(luorie 3 200 parts of silicic acid gel, and the acid reaction 
of 100 parts of the latter is neutralised by 1-85 parts of 
•potassium o.xide. 

I'hcso oompoumls of acids or bases of high chemical 
ciiiiivalencc were distinguished by the jjieli.v “colli” or 
“ CO.” Graham suggested that “the basis of colloid- 
ality may really be this conqiosite character of tho 
molecule.”' 

Osmotic Pressui'e.—Tfell'er, in his clas.sic researches 
on o.sinotic pimsure, gave nniasni'emenls of the pressure 
of some sols. Tho values are small in coni));ai.son with 
those for other substances. Thus the (.I'ltssuros of 1 per 
cent, solutions of the following substances '-' are— 
Totassium sulphate . llhi cm. morcuiy, 

„ nitrate . . 178 „ *„ 

Cane sugar .... 47 „ „ 

De.xtrin.Jiio „ „ 

Gumarabio .... 7'2 „ „ 


That this is a real pressure, in the case of gum at least, 
is supported by tho proportionality between concenlratiou 
and pressure, as tho following ligurcs show ;— 


c 

p 

pIc 

1 

1-1 

7-2 

18 

1 1;)’7 

C-7 

») 

120-4 

09 


'Whether this is to be ascribed to the colloid itself, or 
to impurities not completely removed from it, has long 
been a debatable question. On the one hand, there should 
be less difficulty in determining the osmotic pressure of 
sols than of solutions, for it is Hear that scmi-periueable 
membranes are much more impermeable by colloids tlftn 

* Graham. Experimenlal Researches, pp. 532, 50C. 

* Osmof. Untcrsuchimyen, Leipzig, 1377. 
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by electrolytes Or ordinary solutes. This differenoo would 
lead to dialysis,of the imprrities, in ■onsequence of whicli 
the osmotic pressure would steadily fall Iluriug the 
'experiment. Further, a sol preparv.d in different ways, 
and possibly containing different impurities, would be 
expected to have different piessures, according to the 
natiiro of the impurities. 

This is not at all what is observed. Different prepara¬ 
tions of a sol may have dilfertmt initial osmotic pressures, 
hut they fall to tlie same final value, which is not zero, 
but a definite positive value. It is usually small, hut is 
too largo to ho put down to experimental error. It may 
he due to a small residue of electrolyte or other active 
solute which cannot he removed by dialysis, hut in this 
case it must he regarded as something otlier tlian an 
impurity, ratlier as an essential constituent of the sol (see 

p. 108). 

According to Einstein,^ the osmotic work varies 
directly as the utimhcr of particles, whether ions, molecules, 
or particles, in unit volume; therefore (J X 10** particles 
(Avogadro’s' number) in 1000 c.c. of dispersion medium 
will give an osmotic pressure of a molar solution, i.e. of 
22'4 atmospheres. Svedherg* estimates that to have this 
osmotic pressure a gold .sol, with particles of 1 pju would 
contain 50,000 g. cf gold in 1000 c.c.; or that a 1 per cent, 
gold hydrosol, with particles of 1 /ip, is a 1/200,000 molar 
soUitiou, corresponding to an osmotic piossure of 0'00045 
atmos|ihere = 0'34 mm. mercury. 

Suspensoids. — Direct measurement of the osmotic 
pressure of suspensoids gives very variable values, which 
are always small. The reason for this want of concord¬ 
ance is not very apparent. I’crrin’s experiments ® on the 
arrangement of the particles of a gamboge sol uifder the 
action of gravity and its own osmotic pressure, based 
upon the kinetic theory, afford an estimate of the osmotic 
'pressure, since all the other factors are known. The 


r^ation is —). 


wnere iro anu : 




'•Am. Phijiik, 11105, fiv ] Vt, ,541). > Ber., 1014, 47,23. 

' C'umpf. Iknd., 1003, 146, 067; 1003, 147, 630. 
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member of partioles^in unit volume in tlie layers at the 
heights 0 and A, 4 is the mass and p, the density of 
the particles, y is tlio gravity constant, and k is the 
osmotic pressure of a*single particle in unit voluino,. The* 
value of k is 41! X 10'“. On the assnm]itioii that this is 
the same as tho pressure t'xerted by the particle as a gas 

or solute, k = being the number of molecules in a 

’mol (C X lO-”). If 11 is calculated froiii those values, it 
comes to 2T cal. (instead of 1'98 cal). Tlie molar weight 
of gamboge calculated from tlicso data is 'i x 10 “ 

If use is made of Thovert’s * relation, M x D“ = con¬ 
stant (00 X 10'“), the molar weight of arsonioiis sulphide 
calculated from tho dilt’usion luasiant OT x 10'® is over 
0000 . 

Emulsoids.—The molar weight of .albumin calculated 
in the same way from (iraliam’s value of 1) = 0'07 X 10'® 
a; l;T is 13,000. This molar weight corresponds to an 
osmotic pressmo of about 7 min. nuncury (= 100 luni. 
water), which ought to bo measurable. AVith the greater 
diffusion of emulsoids in general, llicie is also a greater 
osmotic pressure, and recently direct mc.isuremeuts have 
been made. The osmometer membrane is usually col¬ 
lodion or parcliiiicnt paper. Convenient forms of apparatus 
have been dc.scribcd liy Moore and lloaf,® Uayliss,® and 
Fouard.’ The following results may be of u.se:— 




O'-tiiotii; iiK's-'Ute. 

Mtilnr 


g. j>fit lure. 

uini. niinury. 

weight. 

Egg albumin'’ 

. . . 12’5 

20 

11,000 

Gclatnio-' 

. . . 12-5 

G 

30,000 

Starch iodide'' 

... 30 

15 

34,000 

Dextrin’ . . 

... 10 

105 

1,000 

Oumarabic ’. 

... 10 

72 

2,400 


Probably the best values are obtained from tho diffu¬ 
sion-constants and the above relation of Thovert. Tho 

' Cmipt. Hend., 1901.133,1197 ; 1902. 134, t07; 1902, 135, 67D. 

* Mooro and lloaf, Biochem J., ItttO, 2, 31. 

* Baylisa, IVoc. Roy, Sor., 190!), Sl^l 'li, 

* Fouard, Bull. Soc. Chim., 1911.9, 037. 

‘ Lillie, kmer. J. I’hysioL, 1907,20,127; see also Moore and llJlf, 
Biochem. J-., 1900. 2, 34. 

* Rodowald, Zeilsch. physikal. Chevi , 1900, 33, 530. 

’ FfolTcr, Omol. Vnlcmichiin^n, 1877. 
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diffusion constants of several albumius and enzymes have 
been accurately determined by IIer;i)g.* The results are 
as follows:— 


SuWanop. 

J)al IH’. 

V Ai) » 

M.W. rr ?•-' - 
l>< 

ICgg alhuiniii . • 

. 0 050 
. 0 014 
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(>\onuu-oi(l 
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(Ilupoin .sulphab 

. 0 074 
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IVpsiu . . . 

. 0 070 

12,000 

Lab .... 

. oono 

14,(XK) * 

Invcrtin . . 

. 0-033 

54,000 

Kmnlsin . . 

. 0 030 

4G,OCO 


The osmotic pressure of emulsoids has been slmwn by 
Wo. Ostwald aud Miindler“ to be comidicated by the 
imbibition pressure, the observed pressure being made up 
of the real osmotic pressure, and tliat due to combination 
with the ilispcrsion medium (solvation). The general 
formula is l’.,„ = I’o + 1*2 = R'l>i + Kcj”. In agree- 
ineut with tiiis, ISiltz’ found tliat the molar weight of 
tuch-rot in 0 Ole to 0 Ob!) per cent, .solution, varied 
irregularly betw'een 040 and 2200, while I he direct osmotic 
prossirre of,gelatine varied 10-20 per cent. The molar 
weight of dyes, dextrin, etc., calculated from the osmotic 
pressure, systematically increases instead of decreasing, 
as is the case with sugars, etc. This is ascribed to 
internal changes of condition, formation of aggregates, ie. 
decreased dispersity, or to the allinity for water (solva¬ 
tion) being less than the affinity for other particles 
(aggregation). There may be a minimum value of cjp at 
moderate concontralions, as in the case of Prassiati blue, 
gum arabio, achroodextrin. 

The value of n is usually near 2; for various dispersoids 
it is— 


Ferric hydroxide . ... 15 
Thorium „ .... 2-3 

(Copper ferrocyanide . . l lj 

Congo blue.13 

liubboc.2 5-3ti 


Laminaria + ILO . , ». 4‘1 
ficlatino + II„0 .... 3-1 

Sucrose. 1-8 2’;j 

(ilucoso. l'9--2‘5 

Lactose.30 


Freezing Point, Boiling Point, Vapour Pressure.—It is 

or 

Zni&cli. F.lclcirocliem., 1907, 13, 533. 

2 Foil, /citsch., 1910, 24. 7. 

^ Zeitsch.Phy!>ikal.Cliem.,miM1,91\ 1013,83,025; 1910,9^,705, 
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quite evident from the above esliuiate? (if molar vveiglits, 
tiiat it is useless tj apply t'lO ordinary molar weight 
methods to sola. Taking the freezing-point method- as 
the most accurate, ijnd the one which gives the Ijrgest. 
number to bo determined^ an osmotic pressure of 'J mm. 
mercury (= 125 mm. wtfti-r) corresponds to a freezing- 
point depression of only 0 001b Owing to tlu! nature of 
lhe.se eniulsoid sols, the experimental error is certainly 
•much larger than in ordinary cases, and, obviou.sly, largo 
concentrations would he necessary to givi! a re.'ida.ble 
depression. The (|ucstiou then ari.ses how far such con¬ 
centrated sols can legitimately be con.sidereil to be dilute. 
The determination of the boiling point or of the vapour 
jtressuro of these sols is attemied with quite unusual 
tiillicultic.s, the nature of which need not be specitied, the 
more so as no useful est imate of molar weight is afforded 
by them. In particular solvati.sed oolloids. as starch, 
gelatiiio, have abnormally small deprc.s.sions of freezing 
point, boiling point, and vapour pressure. 
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OPTICAL PP.OPKltTIES 

Macroscopic Observations.—The lieteiogonoity of a coarse 
suspension is usually at once apparent to tlio unaiJcd eye, 
because of its opaque appearance in transmitted and in 
reflected light. As the size of the particles decreases, so 
too do these effects. We thus have all gradations 
between opacity and absolute transjiarency, when .judged 
by the naked eye. frequently, liowover, the heterogeneity 
is still pliservable when a powerful beam of light is sent 
through the'liquid. Tlii.s was noticed by I’araday' to 
bo the case with the gold sols prepared by him. When 
the sol appears to be quite clear in ordinary light, the 
appearance, when a concentrated beam of light is sent 
through it, is similar to fluorescence. It dilfers from 
fluorescence in that the light is polarised in its passage 
through the liquid, wliicli is not the case with fluoresoence. 

Tyndall Effect .—This plionomenon is msually known 
as the Tyndall Eflbot, as Tyndall ^ ap[ilied it first with 
good results in the case of dust and mist in the atmo¬ 
sphere. The light is mainly polarised in a plane normal 
to the path of the beam, but the amount of polarisation 
find the angle depend on {ho size of the particles. The 
extinction with a crossed^Nicol prism is therefore only 
eaiily observed when tlie particles are of approximately 

'' Phil Mag., 1857, [iv.] 14, 401, 612. 
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uniform size, and the corresponding angle«ought‘ out. If 
the particles are helo.*' 100 nfi in diametjr, the polarisa¬ 
tion is •complete, and tho angle is 90°. Tlie Tyn(ktl 
Effect is dasily seen if a small rectangular slit is placed in* 
the focus of a projecting lantern (arc by preforence), and 
the beam is passed through a sol in a rectangular glass 
tank-. By rotation of a ino\inted Nicol, such as is used 
Tor <icmoBstration purposes in pihysic.s, tho polarisation is 
readily detected in a Zsigmondy gohl sol, or in a good 
arsonious sulphide sol. Tor tho reasons given above, the 
clearer the sol is to tho naked eye, the better it is for this 
purpose. Even if there is not complete extinction, the 
difference in luminosity as the Nicol is rotated is quite 
striking. The absence of polarisation in tho case of 
fluorescent solutions (quinine bisiilph ite, very dilute 
eosiu, or lluoresceiu) should be shown at the .same time. 

In the Tyndall Effect we have a powerful moans of 
detecting liotorogeneity, where even the host* misrosoopo 
fails to reveal it. But its delicacy is in actual practice a 
drawback, for it is a difficult matter to obtain an 
“ optically void ” liquid. The ordinary processes of puri¬ 
fication : filtration, distillation, are quite useless. Tho 
only certain way of freeing a liquid from accidental 
heterogeneous impurities is to produce a (colloid) pre¬ 
cipitate in the liquid in a closed vessel; the settling out 
of the precipitate carries down all the other suspended 
matter.' Zinc liydroxide, ferric hydroxide, aluminium 
hydroxide, and barium sulphate aro among the most 
efficient precipitates. This action is partly mechanical, 
partly a mutual precipitation ^f sols of opposite electric 
charge (p. 134), 

Obviously this makes the application of the TyndjJl 
Effect to' the recognition of the heterogeneity of sols a 

' Spring, Bull. Acad. Sfy. Bdg., 1899, [iii.] 37,174. ' 
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somewhat' doubJAil one. Spring’s ^results show that 
aqueous solutions of salts'of tlie a](icalies at^d alkaline 
earths are optically clear, hut tliat ^solutions of salts of 
'ahiniiliiuni, chromium, iron, eppper, moroury, etc., are 
never so. The explanation is that these salts are hydro¬ 
lysed, and the product is not a soluble basic salt, as is 
freiiuently a.«.sunied, but a hydrosol, probably of'the basic 
hydro.xide, as the Tyndall Effect disappears wholi acid is 
added. Lobry do liruyn' maintains tliat the Tyndall 
I'llfect is produced whenever the molecules of solv'ent and 
solute arc of markeilly diffeiont size, in support of which 
he cites aqueous solutions of cane sugar and raffinose. 
Although they arc usually regarded as crystalloids, tlie 
solutions show tlie Tyndall Elfcct. 

Colour .—The colour of sols is in many cases very 
striking. Thus Faraday’s gold sols varied from blue to a 
magnilicent ruby red; other gold sols range from green 
to violet, silver sols vcllow to green, platinum sols brown 
to black, arsenious sulpliide yellow to orange, antiinonious 
sulphide orange to rod. As a rule, however, the colour of 
sols is bluish-wliitc, eg. sulphur and mastic, just as fine 
dust and mists in gases arc bluish, in agreement with 
the llieory developed by liayleigh.^ 

Except in the case of dyes, emulsoids also are bluish 
in colour, e.g. starch sol. 

The colour of the coloured sols seems to depend to 
some extent on the dispersity, as well as on the con¬ 
centration of tho disperse phase. The method of reduc¬ 
tion, the amount of reducer added, or the rate at which 
ii is added, produce different colours in both gold sols and 
silver sols. Similar changes can be produced by minute 

«-> 

' Rec. Trav. chim.t 1900, 19, 261. 

* Phil Mag , 1871, [iv.] 41, 107, 274, 447; 1881, [v.j 12, 81; 1899, 
[T.] 47, 375. * 
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quantities of ok'Cti'|lytes. 'J'hesc cIiang(S are usually put' 
down to cP^iige in ^zc, and, conversely, conclusions have 
been drawn as to tli J dispersity from the colour of the' sol, 
Zsignionily’.s investigatiot^ do not bear tliis out, (Is the 
following table shows, 'i'he sizes were estimated by the 
iillramicroscopic method (see p. 5.'!). 

Celofir of Gold sol. Avenigo size in /t^. 


Rose.I) 


1 >cep reil.... 

. . . 10,15,18,32 

Violet-red . . . 

. . . 2:1, 32, 75 

Violet .... 

, . . 3,5,95 

I>lnc-violct . . . 

. . . 54 

Hilly blue . , . 

. . . 30 

Pill pie-red . . . 

. . . 


It must bo uiiderslooil that all these sols were practi¬ 
cally as stalde as tlie original sol. They could be liltered, 
dialysed, and kept for indetinile peiiods without under¬ 
going any appreciable cliaiigo. Stciibiiig'j researches* 
conlirm this result. He suggests tluit the shape of the 
particles is dilfcrent, as the blue cidours obtained by 
adding clcctrclytcs are not the same as the colour of the 
oiiginal blue sols. 

Rut Svedberg’s observations ^ on the alkali metal sols 
in ethyl ether, given below, indicate a displacement of 
the colour towards llio rod (greater wave-k‘ngth,s) with 
increased size of paitides. 


Cedour of Ether ScjIs. 



Small 

Largo 


pat tides. 

partides. 

I.i . 

, brown 

lirowu 

Na. 

. purple-violet 

kliie 

K . 

. blue 

bl^ie-grccn 

1!1). 

. grecn-blue 

greea 

Cs . . 

. blue-greou 

green-blue 


Colour of metal- 
vapour. 

purple 

hliie-green 

green-bluj 


* Ann. Physik., 1908, ^iv.] 26, 829. 

• ilethoden z. Ilcrstcllung Koll. Los., 1909, p. 481. 
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' t ’ 

■In pentane, sodinm is reddish-purplei, and potassium is 
blue at —70°, green-blue *.t higher cemperatyres. Tlfe 
colour is thus displaced in the saincj direction (towards 
the red) by increasing atomic weight. 

Microscopic Observations.—A« the limit of microscopic 
, visibility is about 10“® cm., a s(d whose particles are less 
than about 0 15 /i will not be recognisable even.with the 
best microscope (magnification 2250). Schulze * was 
unable to detect any particles in arsenious sulphide sol, 
while Linder and Picton ^ observed them in it, but not in 
antimonious sulphide sol. Zsigmondy * and Brcdig * wore 
unable to detect particles in their gold sols, even with the 
highest magnification. 

Particles which are small enough to exhibit Brownian 
movement (10 cm.) and are yet visible under the micro¬ 
scope (10~® cm.) are termed mic rons; those which fall 
below this limit are suhmierons. 

The Ultfamicroscope.— Tliero is a wide interval 
between the limit of microscopic visibility (0'15 fu) and 
molecular dimensions (O'OOOlO /t, the diameter of a mole¬ 
cule of hydrogen), within which fall the submicron sols 
and the true solutions, if the latter do not coinohle with 
the lower limit. It is possible to explore this region by 
the aid of the Tyndall Effect, but, as already e.xplained, it 
is difficult to apply, owing to its sensitiveness and un¬ 
certainty as to the absence of accidental heterogeneity. 

The ultramicroscope which renders ultramioroscopic 
particles visible, gets over this difficulty. Its lower limit, 
which is fixed by the intensity of the available light, is 
ajjout 5 p/4 (5 X 10-’ cm.), about O'Ol of a wave-length 

t 

' J. pr. Chem., 1882, [ii.] 25, 431. 

* Chem. Soc. Journ.t 1892, 61,137. 

* Zur Erkenntnis d. Kolhide, p. 79. 

* Anorg. FeTmente,*g. 27. 
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of light. This give|the lower limit of sfee of suTmicrons. • 
Smaller lyterogenejus partfcles, whose existence is 
inferred on various Mounds, are termed amicrons. 

The principle of the yltramicrosoopo, on which the* 
various forms of tho instnunient are based, is as follows: 
A very thin layer of tlio sol is Illniuinatod by a beam of 
light, and'as the number of particles illuminated is small 
‘the lighlT scattered by e<ach one is not interfered with by 
that from tlie others; they are thus seen as coloured discs. 
To render those discs more readily vi.sihle, tho field is 
kept dark, and, since the intensity of the scattered light 
varies as the intensity of the source of illumination, the 
latter is made as powerful as possible. 

In the Siedentopf and Zsigmondy ultramicroscope the 
light from an arc lamp (or sunlight from a holiostat) is 
focussed on an adjustable micrometer slit, by means of 
wliich tho dimensions of the beam can be varied,at will 
to a known extent. Tlie slit is foc:issi'd on a microscope 
objective, from which tho beam passes in a horizontal 
direction through the olrservatiou cell. This w.as devised 
by Biltz, and is a rectangular chamber in a glass tube, 
with quartz glass windows on two .adjacent sides, one of 
which faces the illuminating objective, and the other 
(upwards) tho observing microscope. Tho illuminated 
layer is a few thousandths of a inillimoter in depth. The 
light which is not scattered by tho particles passes 
through the cell, and so a dark ground is secured. 

The dark field is secured by a simple device in the 
Cotton and Mouton instrument. In it the beam is not 
directed horizontally through 4he cell, but in an oblique 
upward direction, so that the main beam is totally reflected 
at the upper cover ghass. Tho drawback to it is that the 
illuminated layer is not in one plane, and its volume' is 
not known. 
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■ Tlie latest forfti, tlie cardioid uKi-aqiicroscojio, deserves 
notice, owing to its greater ^imiilieily tn ooinpafison with 
the original pattern. An extremely (ntensc illumiimtion 
of the" particles, and a very dai,'k ground are secured by 
the cardioid condenser, the pri[tci]do of which is easily 
seen from Fig. 2. The Ililtz chamber is replaced by a 
special micro.scopo slide of rpiartz glass. A circular depres¬ 
sion is ground in it to a uniform known depth of h few fi, 
with a deeper channel at the rim. A small drop of the 



Fm. 2. 


sol is placeil in this dei)re.ssion, and the quartz cover 
idaced over it. The exce.ss of liquiil flows into the chan¬ 
nel, and so the. illuminated layer of known uniform 
thickness is obtaino.l. For general purposes of ob.serving 
and counting the number of submicrons, this celt is most 
convenient, but for kataphoretic phenomena (q.v.) the 
proximity of the cell walls may be a disadvantage. 

There are several form* of dark-ground microscopes, 
wliich dispense with the optical bench and horizontal 
illumination. The illumination is not very intense, and 
their utility is limited to compdratively large particles. 
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UltramicroscopH Observations.—MtJilcratcly concen¬ 
trated soli show ala rule oiAy a brilliant cone of lii'ht, 
which; on dilution pf the sol, is cither resolved iii'to a 
number of individual Itiight larticlos, or reduced in 
intensity until it disapiviars altogether. The former is 
usually associated with the presence of sidunicrons, the 
latter wMi amicrous. But there seem to be reasons for 
the.belief that submicrons and amicrous are, to sonio 
extent and under some conditions, i-eversibly convertible 
into each other. Tlie usual method of investigating a sol 
is to ililuto it with an optically void dispersion medium, 
until the uuiuhcr of submicrons in the field of view can be 
counted, and to calculate from that the number of particles 
in the original sol by allowing for the dilution. Some 
recent work by Coward * on this point goes to show that 
this, in certain cases at least, may not be permissible. 

Although emulsoids exhibit the Tuidall Ell’etl, some 
indeed being opalescent in onliiiary light, their ultra- 
microscopic character is not, as a rule, well defined. It 
may bo, as Zsigmondy suggested, that the visibility of the 
particles depends on the dilTerenco hetwoeu the refractive 
index of the disperse phase and medium. In the case of 
metal sols the difference is very great; it is not large in 
the case of most emulsoid.s. It is significant that the 
basic hydroxide sols are, ultramicro.scopically, more like 
the emulsoids than the suspensoids. Other reasons have 
already been given for the view that they belong to the 
emulsoids. The ultrainiorosoope reveals the presence of 
a few submicrons with many amicrous. On dilution the 
light cone is gradually exting^ushed. 

Gubmici'ons have been obsarved in alhundn, gelatine, 
glycogen, and agar sols. Zsigmondy'* carefully examised 

* Trans. Faraday Soc. 1913, 9,1-12. 

* Zur Krkmni^is d. KoUoule, p. 174, 
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a soluble starch sol; a 3 per cent, iboilod sol containec 
amicroiis only,.but subndcrons niijile theirjappearanct 
aftbr a time. They <ii.s.appcare(l aga|:u on heating.' 

I'he ultramicroscope does ,not enable us to'ascertain 
the colour of p.irlich!s, as will lie readily understood from 
the explanation of the principle of the instrument. 



CITy^riKli Y[ 

miOWNIAN MOVEJIKNT * 

In J827 Ii. ISrowii,'* Iho botanist, observed under tliO 
microscope tliat pollen trains, when suspended in water, 
were not at rest but in constant motion. They oscillated 
around a mean position, and the niovemonts persisted 
without a]iparcnl (bminution for an indefinite period. 

This peculiar and oharactcnstic niovoment appears to 
take place without e.vception, when a disperse ])hase of 
fairly high disper.sity is suspended in a medium which 
does not unduly impede it. The ujiper limit of size is 
not very large, for particles of about 0 01 mm. diameter 
just show it. At this disjiersity the movemfints are very 
slow, and the distances travelled are very small; they 
increase rapidly with increase of dispersity. At very 
high dispersity (suhmicrons) the purely oscillatory motion 
observed hy Brown is partially replace<l hy a continuous 
irregular motion through the licjuid along a series of 
zig-zag straight lines. 

When Zsigmondy first observed this in gold sols by 
the aid of his newly discovered ultramioroscope, he was 
so impressed hy this dilfcreuce that he regarded it as 
something quite different from Brownian movement.® 

The earlier investigators established the universality 
of this phenomenon, when # highly disperse phase is 

* An interostiug account of tbe thc#iy of Brownian movement, and 
tho size of particles (p. 55) will be found in a monograph by Perrin, 
Brownian Movement and Molecular lieahly, 1910. See also Coii^pt, 
Itend., 1911, X62,1165, 1380. 

* i'/fi/. 1826,4,101; 1829,6,161; E<Un. New Phil. Jou».,1B28, 

5,358; 1830,8,41. ’ '/iM<^tnoa^y,Ziir ErkcJiiUnis d. Koltoide^^.lOl, 
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suspended in a medium wliioli permij's of the motion, i.e, 
wlienever a solid, liquid, di' gas is I,ftghly dis-iersod in a 
liquid of not too great viscosity, or v^hen a solid or liquid 
' is dispersed in a gas. The visqo.sity of the medium has a 
marked influeiico, as has also the temperature, increase of 
temperature incroasiug the path. In .spontaneous suspen¬ 
sion the Brownian movement overcomes the'action of 
gravity, since a very fine powder covered with jvater 
becomes uniformly distributed Ihrougli the water in course 
of time. Small quantities of alum, lime, acids caused the 
motion to cease in opalescent liquids, tin; [)aiticlo3 clump¬ 
ing together.! 

Many attempts at explanation were made, usually 
directed to living the cause of the motion on external 
inllueuces, such as local heating, or absorplion of light 
with one-sided heating, thus inducing convection cur¬ 
rents, or impurities causing irregular cliaugos in tlie surface 
tension between the particles and the liipiid. Wiener,® 
Gouy,® and others succeeded iu proving that the move¬ 
ment could not be ascribed to external inllueuces. Its 
persistence in a preparation for years without apparent 
diminution is irrecoueilahle with the assumption of acci¬ 
dental or extraneous causes, as is also the reproducibility 
of the phenomenon, even quantitatively. 

Wiener supposed it to be a oonse(puenoe of tlie kinetic 
nature of lieat, or, in other words, to ho caused by the 
impacts of the smallest particles or molecules of liquids, 
which are in constant motion, on the microscopic grains. 
Similar explanations based on the kinetic theory have 
been put forward by Gouys® Ramsay,! others. 

> Schulze, Pogg. Ann., 1807, [ii.] 129, 306. 

• Pogg. Ann., 1863, [ii] 118, 79. 

• Physigue, 1888, 7, 501; Cumpt. Itmi., 1889,109,102. 

• Chm. News, 1892, 66, 901 
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As seen in the Qiltramicrosoope, tlio Motion of sub- 
microns is ogeillatory ftnd translutory. The two character¬ 
istics of'the Browniai| movement are (1) the ariplitnde'A, 
and (2) th'o period of oscillulion r. The amplitude is the 
distance between the extrame and mean positions of the 
particle, and the oscillation period is the time taken by 
the particle to make a complete oscillation, i.e. to travel 
from tlie’one extreme position to the other, and back 
again. The velocity u is then given by 

4A 

V — 

T 


Tlie amplitude depends in t!ie first instance on the 
size. This is shown by the following figures given by 
Zsigmondy' for various gold sols. 


Diameter (in /t^). 

« 

10 

.05 


AiTiiilitudo (ill /z). 

> 10 

i:l-d (also 20) 

1-7 


The relation between velocity and size of [larticle had 
been the subject of earlier inquiry. E'cner^ found for a 
gamboge su.sponsion that, when the diameter varied from 
0'4 fi to I'o n, the velocity varied from O’S /a to 2 7 fi per 
second; with a diameter of 3 /a the motion was barely 
perceptible, and totally ceased when it was 4 /a. Tho 
velocities observed by Zsigmondy and Svedberg in metal 
sols are much greater, over 100 p per scoond for particles 
betweeri 10 pp, and 50 pp. 

Tire only other factor of importance is the viscositi/ of 
the medium; neither the nature of tho particles nor tho 
other properties of tho liquid apj^ear to have mucli effect. 
This is fully established by Svodberg’s ex tensive researches * 

* Zsigmondy, Zur Erkenntnis d, KuUoide, p. 107. 

’ Ann. Phyaik., 1900, [iv.] i, 843. 

• Zdiach. Eleklroc}tm.,\m, 18, 863, 909. 
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on a series of platiunm sols in water(and organic liquids, 
prepared by bis method (see p. 2|1). Thej sizes were 
between 40 /tii and 50 fi/j,. An imprijved method of obser¬ 
vation was employed by running the sol at a known slow 
rate through the observation co'l. TIio particles are then 
seen as curves of light, the amplitude (A) and wave-length 
(A) of which can easily bo estimated by moans of a micro¬ 
meter eyeinece. The oscillation period r is givetl hy,Xqtjv, 
V being the volume of sol passing across the area under 
observation, y, in the time t. As stated before, the mean 
velocity is 4A/r. The following table shows the variation 
in the amplitude with the viscosity rj of the medium. 


Medium. 

Amplitudo. 
A in fi. 

A!).-;oliito 

Viscosity, 

V X 10*. 

At) X 10>. 

y-9 

Acetone .... 

Ml 

'.■1:2 

Ethyl acetate . . 

2 0 

4-6 

9-2 

Amyl acetate . . 

1-5 

5-0 

8-9 

Water. 

1-1 

10-2 

11 

»-Propyl alcohol . 

0-7 

22-6 

16 

Isobutyl alcohol . 

0-6 

M9-.M 

24 

Isoamyl alcohol . 

very small 

4M-4 

_ 

Glycerol .... 

0 

830 

— 


The approximate constancy of Arj shows that the 
amplitude for any fixed size of particles is inversely propor¬ 
tional to the viscosity of the dispersion medium. 

The oscillation period, calculated ns explained above, 
increases as the amplitude increases; thus 4A/r is a con¬ 
stant, and is independent of the nature of the dispersion 
medium. This is proved by the following figures of 
Svedberg: 


Medium, 

A.>(in ;i). 

T (in see.). 

4A/t. 

Acetone . . , 

V -^1 

0-032 

390 

Ethyl acetate. . 

2'0 

0-028 

290 

Amyl acetate. , 

l-o 

0-026 

230 

Water .... 

I'l 

0-013 

340 

n-Propyl alcohol. 

0-7 

0-009 

310 






BROWNIAN MOVEMENT 

Theory of Brownhn Moveiaent.—Wo h«ve already seen 
tha*t any explanations; based on outside sources of energy 
is untenable. The sojirce of the energy of the movement 
must be Sought within the^sy.stom: it can only be seated 
in the particles or in the l,iquid medium. As far back as 
1892, Ramsay' explained it by the impacts of the liquid 
molecules on the particles, i.e. the kinetic energy of the 
Inoleculcs of liquid is the source of the kinetic energy of 
the particles. The modern theories of Einstein^ and of 
Smoluchowski® are based upon similar considerations. 
But if wo assume, as there are grounds for doing, that 
there is continuity from coarse hoterogonoity, through 
suspensions and suspensoids, to .solutions (and to mole¬ 
cules), and if molecides, whether in a liquid or gas, are 
possessed of molecular motion, duo to their intrinsic 
energy, it does not seem inconsistent to regard the 
Brownian movement of the larger particles of sols and 
suspensions as due to the same cause. That i.s, the move¬ 
ment of these particles is of the same nature and is duo 
to the same oau.ses as the movement of the liquid or gas 
molecules of the dispersion medium (which are usually 
supposed to cause it). 

The aqiplioatiou of the kinetic theory, however, has 
taken the line previously indicated, that the motion is 
caused by the impacts of the molecules on the particles. 
This at once gives the qualitative connexion between size 
and velocity; it also follows from it that tlie velocity o^ 
the particles is independent of their chemical nature. 
The objection tliat the molecular impacts will be so 
numerous, and therefore so evenly distributed that they 

‘ Chm. News, ISM, 65, 30. 

“ Einstein, Zeitsch. physikal. Chem., 1907, 69, 451; Atm. riiys'M, 
1005, [iv.) 17, 549; 1906, 19, 371; Zeitsch. EUktroclum., 1907,13, 41. 

’ Smolaohomki, Ann. Physik.. 1906. Fiv.l 21. 7.4R 
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. will noiifralise «ac)i otiicr anil no n|otion result, is not 
valid, for llie probability tiuit at an}«given injtant there 
wilt be a given excess of impacts |n one direction has 
‘been shown to be very great. Tlie objcclinii woilld apply 
to the system over a long perio^ of time, but the time of 
observation cannot bo so ivgeirded. 

It is readily seen, too, that when the particles are very 
small, as in some of the gold sols, uni-directional impacts' 
will rapidly increase, and the paths will be longer, will 
indeed become very similar to tbo paths of the molecules 
themselves. Tims, as Zsigmondy ohserved, tlie oscillatory 
movements give place to a rapid scipiciiee of zig-zag 
straight lines. 

The equation which Smolucliowski deduced is— 

, C4 r hT 
tl7 2 oTTrijN 

in whicli A !tml r are amplitude and osoilhition period, 7 ) 
the viscosity of the medium, r the radius of the particles, 
and N the luimherof molecules in 1 gram molecule, R and 
T are the gas constant and ahsolutc temperature. 

Einstein, hy dilfeicut inetliodB, airivcd at the same 
formula, without the numerical factor C4/27. The com¬ 
parison of the amplitudes observed hy Svedherg with 
those calculated from the two formuhe is given below. 



A, 

Amplitude (in p). 

A, A, 

A, 

• A, 

Medium 

olisofvcd 

Svodberg 

calculated 

Snicliichowfcki Kiii.stcin 


Acetone. . . 

. 

• IT 

0 71 

2-8 

Ethyl acetalft. 

. 2-0 

* 0 08 

044 

3-0 

y\jpyl acetate . 

. P5 

0-58 

0-38 

2‘6 

Water . . . 

. IT 

o:n 

0-20 

30 

Propyl alcohol 

. 07 

I] 17 

Oil 

41 
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, As tlie last colni’an sl\ows, tlie observed values are all 
about tlirefc times as Jar"e as tbo calculakcd ones, i.e. tlio 
formula ,is correct Ixcej)! for a numerical factor. I'he 
same, of course, is true of* the other formula, as the two 
(liifer only by a numerical* factor. 

CITArXKR VTI 

THE .SIZE OF I’AMICLES AND Ul.'l ItAFII.TRATIOK 

Size of Particles.—Ncilhor the form nor the size, nor even 
the colour, of the liarliclos can bo dircrUly a.scortained by 
means of the ultraniicroscope, for what is obsorveil is a 
disc of lioht. As already slated, Iliedio ■ fiNcd the upper 
limit at 0'14 which is the limit of .i.sibility with the 
best inicro.scope (nuio, 2t!.50). AVith this maeniticiition ho 
was unable to di teet individual particles in his oobi .sobs. 
The lower limit is fixed by inolecular dimensions, which 
according to the kinetic theory is 0 0(101(1 fx (for hy¬ 
drogen). 

Various estimates of the size, based on tlic elfect of the 
particles on the jiassage of liglit thruugli the sol, have been 
made, but .since the advent of tbo ultraniicroscope, they 
are of secondary intere.st. 

The Siedentopf and Zsigmomly inclhod ^ of determining 
the size is as follows;—Chcmic.d analysis of tlie sol gives 
the mass m of the di.'])er.se phase in unit volume of the 
sol; the number of particles n in unit volume of the .sol is 
obtained by a direct count of the number of particles in 
the illuminated volume of the sol in the ultramicroscope. 
This volume is fixed by tlie dKj.lh of (ho illuminating 
beam, and by tlie area of the field (micrometer squares) 'U 

‘ Anortj. Fcrmente, p. 20. 

• Zeigmondy, Zur JxHtmninis d. Kolloide, p. 03, 
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' which the particles are counted. Tie volume v of Ijhe 
particle is given.hy— 

m 

® = - 

nf 

p being the density of the piiHicIe (the density of the 
substance in ordinary niassos is tiikoii). The linear 
dimension is calculated from the volume, on the, assump-, 
tion that the particle is a cube or aspliere. Tlie dispCrsity 
of a sol is usually expressed in terms of tlie diameter, 
obtained in this nay. It is better to use the kpcdjic 
surface for tliis purpose (sec p. 227). 

If the llrovrnian movenient is rapid, it is easier to 
estimate the average distance between tlie particles tlian to 
count tlieir number. The number can ea.sily be calculated 
from this distance. 

Observations on many sols lead to the conclusion that 
the sizB is pot even approximately constant for a particular 
substance; it ranges between C pp. and 250 pp, according 
to the method of preparation or subsequent treatment. 
Even larger particles are found along with submicrons, 
and frequently there are a few suhmicrons, and a large 
number of amicrons, which are loss than 6 pp. That these 
are still sots, and not solutions, is inferred from tlio fact 
that they can be “ developed.” * Thus a mixture of gold 
salt and reducing agent is more rapidly reduced if an 
amioron gold sol is added to it. Addition of such a gold 
Bol will even accelerate the reduction of an alkaline silver 
solution by formalin. By repeated application of this 
process, in which the amicrons increase in size owing to 
the further deposition of gold on them, Zsigmondy 
succeeded in preparing a series of gold sols with particles 
'of any desired size. 

* .'Ssigmood}-, Zeitsch, fhysikal. Chm. 1906, 66, 63; Lottermoser, 
ibid., 77. 
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From'their ultramicroscopio character, emukoids seem 
to consist riainly of amicrons,-unless, as is not altogether 
improbable', the dispef'se phase is not present in isolated 
particles,"but in a more or less continuous net-work; or, 
owinx to the smaller differences in refractive index of the 
disperse phase and llie medium, it may be impossible to 
detect em'jlsoid particles so easily as suspensoids. On the 
"other hand, emulsoids exhibit more of the general 
properties of solutions, which is consistent with the 
smaller size of the particles in einulsoid sols. 

An interesting resume of the methods of estimating 
tho size of particles in a sol is given by Henri.* The 
ultramicroscopic method is very nncei'tain, for frequently 
tho chemical nature of tho J)article3 is not known; a 
certain amount of a metal may bo in form of oxide, and 
may even bo in solution, or it may be hydrated, any one 
of which renders tho calculation erroneous. 

’• The methods which connect the size of the particle 
with other properties of the sol arc— 

(1) Tho determination of tho density of dispersion at 
dihbront heights (Perrin)— 


, , ./t.r’.lO*’ 


Bq. * = number of particles in equal volumes at heights 
0 and /i. 

p, Pi = density of dispersion medium and disperse phase. 
)• = radius of the particles. 

(w) The relation between Brownian movement and 
size of particle (Einstein)— 


ItT t 

I being the displacement in time t. 


‘ KoU. Zeitxk, 1913, 12. 246. 



GENERAL I’RAPERTIES OF COLLOIDS' 

(3) Tlie velccily of sedimentation— 



i> being tbo velocity. For g(Ad bydrosols the equation 
becomes r'^ = 2'5 X lO'^a. * 

It is only applicable wlien the dispersity is low, for 
if j- = 10 fjifi. tbo time to fall O'l mm. is 7 hour.q, 

(4) From diffusion (Sutbcrland)— 

g_RT. l + A ? 

n (iTTijr 

A is a constant = 0'815, and a tbo mean path of a 
molecule of tbo dispersion medium {ajr vanisbe.s if the 
radius is great in comparison with the moan path); at 
ordinary temperature the formula is— 

^ S = I'bS X 10"®^ (cm2 24 hours). 

It is only apjillcablo to highly disijorsc sobs, eg, if 
r = 1 fin, S = 0'158 (cm.“, 24 hours), while for urea it is 
0-97 (cni.2 day). 

(5) Intensity of scattered light (Rayleigh)— 

e is the intensity of the scattered light. 

A is a factor depending on the refractive indices of 
the liquid and the disperse phase, on the intensity of the 
incident ray.s, and the angle at which the scattered light 
is observed. 

11 is the number of puijticles. 

A is the wave-length of the scattered light. 

*^.(6) There is a elose connexion between the size of 
particles and the light absorption by the sol (Garnett, 
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Wood, Svedborg), b»t so fur it is only sf use in deter- ■ 
nifuing changes in sice. 

Ultiaflltration.—I|!any sols can bo filtered through 
filter paphr without ap])rec|jible change. Small quantities' 
may bo adsorbed to begin with, but beyond that no further 
loss is o.xperiericcd. Einulsoids often filter very slowly, 
owing to tJicir great viscosity. 

• Linder ami riclon' tried the filtration of arseuious 
sulphide sols through porous earthenware, and found that 
the size of particles varied in dilferent .sami)les. They 
recognised four kinils of sols: a, vi.siblo in the microscope; 
jS, showed Tyndall Elftcl; y, retained by a porous plate; 
and S, filtered unchanged tlirough a porous plate. Ilarus* 
made an e.stimate of llie size of tlie pai'ticles in a silver 
sol by filtration through porous plat<;s lie tried plates 
of gradated porosity, and calculated the size of pore of the 
plate which just permitted filtration to take place. He 
arrived at a size of dG p/i for one silver sol. *l!y using a 
Colloid membrane as a filter it is prjs.sible to concentrate 
sols, or to separate a mi.xture of colloid and crystalloid. 
For this purpose Martin ii.scd a (lliambcrland candle 
impregnated with gelatine. A pressirre of GO atnrospheros 
was necessary. 

Later, Bechbold ‘ elaborated the method, and applied 
it in several useful directions. He made a graduated 
scries of filters by impregnating a snjiport of filter 
paper, fabric, or wire gauze, with gelatinous colloids 
of varying concentration. Collodion in acetic acid, and 
gelatine in water, are the most suitable substances; the 
filter is subsequently treated ^chemically: the collodion 

* ClLCm, Soc. Jour., 1802, 61. IdS, * * Sill. Jour., 1805, 48, 61. 

’ Jour. I’hijnol, 1890, 80, 304. , 

* Vortr. 78 Vers. d. Naturf. u. Aerzte, 1900; Yortr. 14 Vers. Bunsen- 
Oes., 1907; Zeilsch. yUysikal. Vhem., 1907, 60, 257; 1908,64, 389* 

• 
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■ dipped into watfcr to render it porous t the gelatine treated 
with formaldeh jde to harddn it (see also p. 27). I The filters 
are standardised with a haemog lobiij sol. 

According to Wo. Ostwa^l' an efficient ultra-filter 
can be prepared easily as follows:—Take an ordinary round 
filter paper, of ordinary rough paper, fold smoothly, fit it 
iu a very clean funnel, fill it to the edge with £ per cent, 
collodion solution, wait until it runs through tlie paper,’ 
pour out, rotate to dry the surface (5-10 minutes), 
and place in distilled water. After some hours it can 
be taken from the funnel; clean the funnel, and replace 
the filter with suction. Use with an india-rubber 
stopper in an ordinary filter flask and a pump. Test 
with dilute night-blue or cougo-rcd. Such a filter filters 
with great rapidity, up to 200 c.c. of night-blue per 
minute. 

Or the filter paper is moistened with water, a 4 per 
cent, collodion poured in and spread over by turning the 
funnel round, and then poured out. The milky suspension 
of collodion in water is drained olf, the filter allowed to 
dry for 5-10 minutes, and a second layer of collodion is 
poured in and allowed to dry on the surface. The filter is 
then removed from the funnel and soaked in water. By 
this means filtration takes place with great rapidity, 
3-6 c.c. per minute without suction, and 30-70 c.o. 
pet minute with a water-pump; also largo quantities 
of sol can he filtered without serious falling off in the 
ratiS. 

These filters can be used to separate the colloid from 
the dispersion medium, i^s in arsenious sulphide sol or 
ferric hydroxide sol, on. to concentrate albumin and 
similar emulsoids, the filtrate containing no emulsoid. 
t'hey can also be employed to free sols from soluble 

* > Koll. Zciuch., W18,83, C8,143. 
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filtrable imburities, t!ie process being simil&r to purification 
by dialysis.’ Another iniportaA applicatipn of ultrafiltra¬ 
tion is In the preparation of graduated series of sols, the 
sizes being regulated by»liltration through a series of' 
graduated filters. 

The approximate size of piirtiolos in sols can also be 
ascertainofl by finding which of a series of filters will just 
allow the particles to pass into the filtrate. Tho sizes 
obtained in this way agree on the whole with the ultra- 
microscope results. Ilecldiold gives tho following series 
in the order of diminishing size 

Prussian blue, llredig’s platinum, ferric hydroxide, 
casein, arsenious sulphide, gold (Zsigmondy’s 40 pp), 
gelatine, bismuth hydroxide, gold (Z.dgiuoudy ’3 amicrous 
1-4 pp), haemoglobin, PaaTs silver, serum albumin, [diph¬ 
theria toxin], collargol, hacmatin, protalbumoses, silicic 
acid, deuteroalbumoses, dextrin. , 

It must be remembered that this process of ultra¬ 
filtration is a complex one, as ordinary filtration, dialysis, 
and adsorption can all play a part in it. Even with filter 
paper, and still more with porous plate, adsorption and 
precipitation may and do take place. This is especially 
the case with positive hydrosols. They cannot be filtered 
even through filter paper without partial retention of 
the colloid by the filter. The reason is that the paper 
becomes negatively charged in contact with water (p. 68), 
and at the entrance to each i)ore a coiTOspondiug quantity 
of positive colloid is precipitated (p. 134). 

Malarski * has recently shown that the electric charge 
of a positive sol is diminished rtr even changed in sign by 
repeated filtration through filt#r paper. The same, holds 
for negative sols to which positive ions or sols have bean 
added. Glass wool, purified sand, purified cotton wdol, 

• Koll. Zciislk., IMS, S3,113. 
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all of wliicli Are negative to pure* water, g'ivo simjlar 
results. For .example, if ferric hyjroxiile ^sol became 
negative after llirco nitrations, till negative cliAige in¬ 
creasing with two I'lirtlier fillfations. The reversed sols 
thus obtained show the same riwotions—a.s to mutual pre- 
ciiiitation and rovcr.sal—as other sols of the same sign; 
c'.(/, when the above negative sol w'as added to the original 
positive sol, the migration to the kathode was "gradually 
reilueed to zero, and was finally reversed. The following 
table illustrates both lhe.se clfects;— 



l’o{UI[), 

Ifyilnwol 



V=n3; 

^ tm.; S = 78 M 


1 of 

MiRrall tl 

lir<’)>s of 

MiRritlofi 


\ I )<n ilv 1 

“ Fi (Ol 1 )j •'.jI 

II v 


V Id'’. 1 

to lu l c. 

V X lu^. 

(1 

+ IH 

0 

H- \H C, 

1 

-i- i 

4 

i2'a 

G 

H- 

0 

+ CO 


- frf) 

1 .s 

0 0 

■ 4 ^ 

- I'JO 

12 

- CO 

b 

- I'J 7 ! 

! 30 

- 11 :i 


The elfect of adding various ions, IF, Olf'. or AT" etc 
on the sol, or on the filter pa)ier, is in accordance with 
I’errin’s electro-osmose results (p. CS). .Similar results 
weie obtained with silver sols which had been made 
positive by the addition of aliimiuimn salt or of ferric 
Lydroxide sol. 

V 

per . 
of sol 0 . 
ratd 

These filter., 
the dispersion me 
ferric hydroxide soi, 
similar emulsoids, the 
f'hey can also be emplo) 

* KuU. ZciUch.t'» 



CirAITKII VIII 

ELKCTIilCAl, I'KOl'HirrlES 

In nn otiicr Imincli of tlic siilijocl is it more nceessary to 
keep iu mim! tlie two [loinla of view, viz. the facts, and 
tihc tlicories wliicli liave been advanced to exphiiit llio 
facts. As reeard.s tlie former, there is nn longer any 
serious <iue,stion, since the main plieiioirieiia have been 
e.stab!i.shed in a satisfactory manner. Wiicu we come to 
the origin of the clectiical charge of colloids we are con¬ 
fronted by one of the most dillicult ]iroblcm.s, a coinplete 
soliilion of wliicli Is still awaited, and whieh, wneii found, 
will prove an invaluable aid towards the eUicidatiou of 
the whole subject. 

Tlio phenomena will be dc.sciibcd lir.sl, and then the 
principal hypotheses which have been adsaiice.d will ho 
discussed in detail. 

The electric conductivity of sols will be taken first, 
and then migration in an electric field. 

Eleoti!IO Conductivity 

Suspensoids.—The electric conductivity of suspensoids is 
very small, so little removed from that of the dispersion 
medium that the question arises jvlictlici' this small con¬ 
ductivity is not due to the small quantities of (adsorbed) ^ 
electrolytes, which, as has already been pointed out, aro 
impossible to remove, at least.by washing or dialysis. • 
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The followidg data' will give aa idea of fbe electric 
conductivity of several ty\)ioal sols. 

Spccififl conthictivity (k) in mliog. 


Sol. Sul. Medium. 

Au(l?redig) . . M4x,,10-» 

to l-R „ 0-81 X 10-9 

All (Zsigmondy) 7'0 „ 1'2 , „ 

Pt (Ilredig) . . 2'9 „ VI , „ 

An (Blake) . . 12-7 „ V5 

Fe(On)3 . . . ;i5-7 „ 2 


Various attempts liave been made to decide by experi¬ 
ment how far this conductivity is due to the sol, and how 
far to tho “active” electrolyte. Malfitano^ determiner! 
the electric conductivity of sols of ferric liydroxide from 
hydrolysed ferric chloride, and of arsenious snlphido, 
before and after filtration through a collodion mombrano. 
As tho latter retained tho snspensoid, and allowed all (?) 
the rest t» filter through, tho conductivity of the filtrate 
should fall off, if it was duo to the suapensoid, while, in tho 
other event, it should remain unchanged by this process. 
No diminution of conductivity was observed in any 
instance, from which he concluded that tho conductivity 
was due to the dissolved impurities. Applying tho same 
method of collodion filtration, Duclaux^ found the con¬ 
ductivity of a ferric hydroxide sol to be diminished by 
filtration, and regarded the difference as tho conductivity 
of the suspensoid. It amounted to about 200 X lO"® mho. 

This method is open to the objection that the collodion 
filtration may change tho concentration of tho medium in 

addition to removing the dispense phase, and that tho 

« 

' Billitor, SitSimgsber. Ka'ierl. Akati, Wits. TVuut., 1903, 111, 1395; 
Bigelow and Gemberling, J. Attter. Chem. Soc., 1907,29,1570; Whitney 
%nd Blake, ibid., 1901, 26,1839. 

‘ • Cmpt. Rend., 1904, 139,1221. 

■ ^bid., 1906, 140,1408. 
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small obsoried differlnces may as well 1* put 3own to 
this*as to till removal of the disperse phase. 

As electrolysis affords perhaps the most certain means 
of removin'; electrolysable impurities from a colloid, with¬ 
out any other appreciable alferation, the application of this 
method should solve the problem. By determining the 
electric conductivity of the original .sol, and after sub¬ 
jection of lihe sol to successive electrolyses, Whitney and 
Blake* found that it dirainislied after each electro!y.sis, 
but did not finally approach zero. Instead, it converged 
to a definite value which they regarded as the true electric 
conductivity of the pure sol. The following values were 


obtained: 

Gold sol. K X 10*. 

After dialy.sis .... ]:V2 
„ 1 electrolysis . . 7'7 
„ 2 „ . . 4-2 

„ d „ . . 2-7 

„ 4 ., . . 2-1 

„ 5 „ . . 1-H 

„ [C . . l-(i| 


The conductivity of the water was 1'3 X 10**. 

In the actual experiment, the sol wa.s contained in a 
glass tube closed at both ends by gold-beater’s skin. The 
lower end dipped into a glass dish; the electrodes were 
applied to the damp membranes, a wider glass tube being 
fixed by a rubber band to the upper end (Fig. 4, p. 77). 
The gold migrated to tlio anode (lower end) and was 
deposited on the membrane. On treatment with pure 
water, the gold again diffused in^ the liquid with regene¬ 
ration of the sol. The conductivity of the water in the 
outer vessel rose considerably. 

The above figures would seem to indicate that, the 

® ♦ 

^ Xm. cit.f p. 62. 
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pure sol would liavo tho same electril conduottvity as llio 
water, since two or three Tm lhcr repetitions Sf the treat¬ 
ment should reduce the conductivity of tlic sol to that of 
tho water. Tho figures in square hrackets are values 
extrapolated from llie curve plcitted from the experimental 
values in tlie abor o table. 

Kohl.schutter's* silver sed (seri Preparations,]!. 187), 
liad an initial conductivity of 121) X lO"* ndio. ’ P.y purF 
fication with hydrogen ga.s in a platintim vessel the silver 
hyilroxide present (no other elecliolyte carr bo pievseut) 
was reduced to silver, and the conductivity fell to one-tenlh 
of its irritial value, and tlien remained constant at about 
Huxe times the siiecitic crjuductivity of the water, viz. 
7 X 10"® mho. In a few instances it fell as low as 4 to 
.I X 10"®, and in .some others corrld not be reduced below 
10 X 10'® rnho. 

In several .silver sols luepar-ed aeconling to thisnrethod 
by the aullior-, the conductivity fell as low rrs 7 X 10"® irr 
Jena glass flasks, without airy tiiratnrent irr platinuiir. 
The irritial conductivity of the saturated silver hydroxide 
solution was about 88 X 10'■®. 

Entulsoids. — The figure already given for ferric 
hydroxide sol may bo taken as rrn imlication that ernrrl- 
aoids have often a higher oleclrio conductivity than 
Buspensoids. 

Although Pauli- found that albumin sol, carefully 
purified by diidysis, was jiractic.illy a non-corrductor, 
Whitney and Blake® obtained fairly high values for 
silicic acid sol, k for a 1'47 jicr cent, sol being 100 
X 10"® rnho, while a 0^2 per cent, gehrtirio sol gave 
K = G8 X 10“® mho. TClrese are of the sanre order as 

^ Zcitsch. EleJcbochcm., 1008, 14, 40. 

• Ikitr. Ch<.m. Phys. Path., 1000, 7, 531. 

Ainer Chem. Soc.,*1904, 26, 1374. 
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the 200 X 10“® mhj. observed by Malfitano for ferric 
)iy(froxide sJl. 

It would appear frtun these results that there may bo 
two classes of cmulsoids, s(>far as electrical conductivity 
is ooucoruod: some, comgrising the electrically neutral 
sols, as albumin, have no electrical conductivity when 
they arc pure, the variable value usually found being due 
to the im\iuritics; while others, the electrically charged 
sols, possess a considerable conductivity. If the albumins 
are amphoteric substances, their vanishingly small electric 
conductivity is readily understood, for the conductivity of 
the simple amino-acids (e.y. glycocoll) is extraordinarily 
small in comparison with that of the parent acid. 

From a theoretical point of view, a sol in which the 
disperse i)hiiso is electrically charged, whether positively 
or negatively, and the greater number of sols come into 
this category, must exhibit in some degree the phenpuioua 
of electric conductivity. * 

Electrical Migration 

The migration of colloids in an electric field forms a 
special part of the general electrical phenomena, which 
occur at a boundary or interface between two phases, one 
of which at least is a liquid. Quito possibly the samo 
phenomena occur at every interlace, whether the phases 
are gas, Ihinid, or solid. The e.xperimental dilfienlties 
are very great unless one phase is a liquid, and we shall 
only consider such cases. 

At all such interfaces au eli^trical iioLontial differcnca 
is establisheil, of the nature of al electrical douhlo layer. 
Consequently, displacement of one phase against the other, 
takes place when the system is placed in an electric fieltl. 
We have, therefore, two sei«rate cases, In the one' the 
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soliil is fixed, as in a capillary tube tr a porou^ diaphragm, 
and all the displacement is thrown on the liq^iid, which is 
shown by a difierence of level, or by a flow of liquid 
across tlu 3 diaphragm. In tli(j other, tlio solid is suspended 
in the liquid, and as no permanent dilTercnoo of level 
can persist in the liquid, the solid moves through the 
liquid. . 

The terms “ eloctrocndosmosis ” and “ kataphoresis," 
frequently apjilied indiscrimiiialely to both of these 
phenomena, may conveniently bo employed to distinguish 
between them. 


Electroendosmosis 

Electroondosmosis, or the movement of a liquid across 
a diaphragm or through a caihllary tube towards one of 
the electrodes when a current of electricity i.s p,issing, 
was noticed by Ihniss * long .ago, and has since been the 
object of many investigations, theoretical and practical. 
When a poor electrolyte is electrolysed with a porous 
cell, the dilferenco of level on the two sides of the cell 
is very noticeable. Wiedemann ^ was led by this to 
inquire into the matter. lie found tliat under comparable 
conditions the dilferenco of level deiiended on the applied 
K.M.F. and also on the viscosity of tlie .solution. 

The latter fact suggested that the two electrically 
charged layers which sulfcr displacement are both liquid, 
the one adhering immovably to the solid, while the other 
moves with the rest of the liquid. 

The exporiinout can .also ho so arranged that no differ¬ 
ence of level is maintairiod, the liquiil which is forced 
through the diaphragm bting run olf by a side tube. This 

• ' Pot full historical reforoncos soo Wiodomanu, EleUrkiUtt, 1893, 

1,'p. 993. 

• Wiedemann, Pogg. Anti., 18524[ii.] 87, 32i« 
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is 8 conveiient fortn of the exporimeirt, the volume 
transferred m unit time being a Convenient measure of the 
effect. The formula? fconnecting the various factors con¬ 
cerned ar(! given here (their^deduction will he found at the 
cud of the chapter). Tlie emulation for the volume of liquid 
transferred is 

ucEl.) 

” “ - 1177)1 

in wliicli 7 = area of diapliragiii (or tube). 

e = potential difference of double layer. 

E = EJil. K. at the electrodes. 

1 ) — dielectric coustniit of the litpiid. 

7 ) = viscosity of the li(]uid. 

I = distance between eleetrode.s. 

From it we see that the volume ti'aiisferied is propor¬ 
tional to ( 1 ) the area of the diaphragm or the cross- 
section of the capillary, ( 2 ) the pot(!ntial. difi'orcnco 
Ix^tweeii the liquid and solid, (3) the fall of potential 
between the electrodes, and (4) the dielectric constant; it 
i.s inversely proportional to the vi.scosity of the liquid. 

If, instead of allowing the li(iuid to escape, the 
pressure is allowed to rise, tlie equation is 

,,_26KI) 

The hcii/ht to wliich the liquid will rise in tubes of the 
same imterial, is proportional to the applied KIEF, and 
inversely proportional to the square of the radius of the 
tube. 

Quincke * tested these results by measuring the differ¬ 
ence of level on the two sides of a single glass capillary, 
when a known KM.F. was applied. The equation shows 

‘ Po^g. Ann, 1861, [ii.] 113, 613; Totoscliin, Wied. iim.^lSST, 
[iii.] 33, 333. * 
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that e, the potential difference between glassLand wa^or, 
should bo a constant. Thl*s is the case. 


r (cm.). 

E (volt). 

h (cm.). 

t (vojt). 

00149 

76 

•0-0125 

0-054 

,, 

1,52 

D-0245 

0-05.3 

0018S 

154 

00880 

0-055 


Other investigators have found e to be con.stayt, and of. 
approximately the same value as Quincke obtained, e.y.— 


r {cm). 

E (volt). 

h (cm). 

( (volt). 

rm 

5,120 

1-9 

0-041 


7,220 

3-1 

0-048 


8,850 

3-8 

0-048 


10,200 

4-3 

0 015 


11,,50U 

4-8 

OOIG 


Since most .substances beconn! negatively charged in 
contact with water, tlie xoaler trards to the kathode. This 
h.as been observed witli capillary tubes of glass and 
shellac, and with diaptiraguis of jiorous earthenware, 
asbe.stos, carboruuduin, wool, cotton wool, arsenious sul- 
jihide, and many other substances. A .small number have 
been found to be positively charged in water. They 
comprise basic oxides and hydroxides, e.g. aluniinium 
oxide and cobalt oxide, etc.; and some salts, as anhydrous 
chromic chloride, barium carbonate, etc. 

Effect of Acids and Alkalies.—The potential difference 
Letween the two phases may be changed by the addition 
of various substances to the water ; and this change may 
be in either direction. The potential dilferenoe may 
increase or it may .liminish, and in the latter case may 
be reversed in sign, passing through zero on the way. 
Perrin* lias investigated this very fully, and some of bis 
results are given below. The effect of acids and alkalies 
is very maikcd. Tlie general effect is as follows, 

> J. cliim. phys*, 1904, 2, COl, 
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Ke^'atiV'^ diaf' ra^ms become more negative in alka¬ 
line solutions; in acid solution^ the diapliragm becomes 
loss negative, and with increasing concentration of acid it 
becomes electrically neutraliand finally is positive. 

I’ositivo diapliragiiis liol'ave in the corresponding 
manner, i.e. they become less positive, and finally negative 
on the audition of al. .lies, while they become more 
strongly positive in acid solutions. 

In Perrin’s e.xperiments the variation or reversal of 
sign of the charge on the diaphragm was indicated by the 
volumes of liipiid transported to the kathode or anode in 
unit time. The -f or — indicates uniformly the sign of 
the charge on the sidid (also migration of the liquid to 


the anode and kathode 

resjicctively). 


Diaphragm. 

Solution. 

V (c c ,'min.] 

Carhorundum 

0-02 m. IICI 

+ 10 


0-008 

0 


0-002 

-15 


water 

-50 


0-0002 m. KOII 

-00 


0 002 

-105 


Similar effects are observed with other diaphragms. It 
is worthy of note that the effect of acid and alkali is 
greatest at very small concentiatioiis, rapidly falling off 
as the concentration increases, until practically a constant 
value is reached. The following flgnre.s for a naphthalene 
diaphragm show this very well. 


Diaphragm. Solution. V {c.c./min.). 

Naphthalene 0'02 m. HCl -foS 

0-0 L . -l-.’lff 

0-001 . +28 

0 0002 + :! 

0-0002 m. KOII -29 
0-001 -00 

O-Ofi -CO 
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If tbe volumes are plotted (witlf duo re{|iiu to sign) 
against the con(jontratiou3*of acid and alkali (IF and OIF), 
the two braticlies of the curve arc symmetrical with 
respect to the point of eleatricil neutrality,’which is 
very slightly displaced to th<) acid side, conesponding 
to the fact that the substances are negative iu pure water. 



With positive diaphragms there would be a similar dis¬ 
placement to the alkali side. 

Effect of Salts.—Tl.e iullueuoe of neutral salts has also 
been investigated by I’ejfin. For this purpose he used 
solutions which were already acid or alk.aline owing to 
added acid or alkali. The elfect of salts is very important 
in thp case of kataphoresis, where, however, it is frequently 
complicated by other unavoidable ellects, which mask or 
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even oLIito^te the ’primary effect. Soihe detail? will 
tliereforo be given in the conrB-ponding ca.se of electro- 
endo-smosis. 

K ixiATiVK ’Diaimiracims. 

Carlionmhum in Alkiili. 


S.ilt. 

V (c.c./min.). 

0. 

. . . -60 

0 1 m. NiiHr . . 

. . -11 

O-dOL! in. l;i(Ni\)„ 

. . -26 

0 000:1 111. r.alNOj);, 

. . -IS 

Chiomic Clilotiflo 

111 .MLiIi. 

0. 

. . -76 

0-001 m. illnCf, . 

. . -10 

O'OOl in. MgSO^. 

. . — G 

POSITIVH DiAI'IIKAOMS. 

Cbroinic Clilorii’c 

in Acid. 

0 . 

. . +00 

O’l 111 . K lir . . 


0-001 m. . 

. . + 2:1 

O’OOori 111. K3i'\’(Cjs’ 

0 • • +3 

The coiiceiiUation efi'eot is 

similar to that already 

noted with respect to acid? and alkalies: very small 

concentration.? have a very lare 

0 effect, which is only 

slightly increased by subsequent in(;rea.se of concentration 

This is shown below. 


Carborundum in Alkali (negative). 

Conccatratiou of 


La(NO,) 3 (mols. per Hire), 

V (c.c. per min.). 

0. 

. . -to 

O'OOOOd . . . • 

. . -!3S 

0-0002 . . . 

. -18 

0-001 .... 

. . - 1 


Further addition of the* salt must finally rediic'e the 
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electroeridosmouis to zero, or reverb its dir®tion. The 
latter actually occurs, justf as addition of acid ro a negalive 
diaphragm, and of alkali to a positive one, redneos the ’ 
potential difference to zero, aijd finally reversed the sign. 
The reversal is not so pronounced, and the reversed 
potential difference cannot bo made so large as can be 
produced by acids and alkalies. 

The Valency Rule.—The foregoing figures lead to a' 
highly important generalisation regarding the influence 
of salts on the potential difference between the solid and 
the liquid. Considering the figures for the ne/jaliec 
diaphragm,, we find that the vtiknaj of the hation is the 
predominant factor. The concentration of the bivalent 
kation Ba" which produces a given decrease in V, is very 
much less than that of the univalent kation Na‘, and the 
concentration of the trivalent I.a’“ is much less again. 
The figures for magnesium chloride and sulphate show that 
the val'encj of the anion does not mailer, there being little 
difference between the univalent Cl' and the bivalent SO/. 

With the gmsitive diaphragm, on the other hand, the 
valency of the anion is the principal factor, the effect of 
the salt on the electrical charge of the diaphragm or on 
the volume of liquid increasing with increasing valency 
of the anion. This may be summarised as follows ; the 
electric charge on the diaphragm is reduced by the ion of 
opposite sign; further, the magnitude of the effect 
inorea.ses with the valency of that ion, an<l is independent 
of the valency of the other ion. 

'This must be regarded as a broad generalisation, and 
it will subsequently be shown to hold in the case of kata- 
phoresis, and also of the 'precipitation of suspensoids by 
electrolytes. It must bo at once admitted that the matter 
is not so simple as this; ions of the same electric sign as 
the diaphingm do not have the same effect. There are 
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differences, (again, bljtween ions of the ’same valency, 
wliioli cannot bo explained by’diffcrouces in ionisation, 
ir and OH' in particular differ from otlicr univalent ions. 
Instances of these will be found under katiipboresis, and 
more especially under precipitation of sols by electrolytes. 

That the valency of the ion of opposite electric sign 
is the main factor in the alteration of potential on the 
iliapliragni is plainly seen from the synimotrical nature 
of the figures obtained, when the results for + and — 
diaphragms are reduced to a common standard, 'riiis has 
been done by I'rcuudlieh,* who calculated the concentrii- 
tion of various .s: 'Is which reduced V to one-half of the 
value when no .salt was present. 

Carborundum (negative). 

Salt. Concentration (milliniola per litre). 


Na'Pr. 


]!a"(NOj)„. 

>) 

L;v'(N03).j . 

O'l ' 

Chromic Cliluiidc (positive) 

Klh'. 

(10 

MgSO,". 

1 

K3Ke(CNV" . . . . 

0-1 


other Liquids.—Quincke examined other licpiids besides 
water; turpentine is negative to glass and carbon 
disulphide is positive to it. There was no migration of 
ether or petroleum. Methyl alcohol, ethyl .alcohol and 
acetone all showed marked electroendosmosis. Perrin’ 
extended the list very considerably. 'There was marked 
migration of methyl alcohol, ethyl alcohol, acetone, 
acctylacctone, and nitrobenzene,; to a less degree of amyl 
alcohol and acetic acid; none of cMoroforra, ether, benzene, 
carbon disul| hide, petroleum, and oil of turpentine. 

' Freundlich, Kaptllarche7nie, p. 23Q, 

• J. chim, phys., !904, 2, COl. 
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The same general relations liokf for thesl liquids, as 
for water. TIkj quaiititat*ve results * for irietliyl alcohol 
fully boar this out, .Siilistauees, siicli as chromic shloride, 
manganese dioxide, which ar(» positive iu water, arc also 
positive ill alcoliol; the otliersiwe negative iu alcohol, as in 
water. The addition of unn-elcctrolyte.s does not aileet the 
migration,hut tho addition ofaeids ami alkalies hlis the same 
effect on positive and negative diajihragms, as in w’ater. 
The valency rule applic.s equally in alcohol and in water. 

Emulsoids.—Very little scorns to be known regarding 
elcclroendosinosis of liquids in contact witli emulsoid gels. 
Isolated ob.sorvations have been made on the behaviour of 
semi-permoahle membranes of aluminium hydroxide, 
ferric hydroxide and chromic hydroxide, all of which are 
probably emulsoid gels. Thus, in electrolysis through a 
film of aluminium hydroxide there was a very m.arked 
migration of liquid into the anode conqiartment ^; the water 
was thofcToro negative, as was to he expected, since 
aluminium hydroxide is a jiositive sol, and wanders to tlie 
kathode. In a later research on the same subject, electro- 
endosmosis took place across a diaphragm of filter paper 
soaked in gelatine; the diiection was not recorded. 

Kataphoresis 

Suspensoids,—From the relation between electroendos- 
mosis and kataphoresis, we sliould expect the general 
conclusions regarding the former, wliich have been dis¬ 
cussed in the preceding section, to bold equally for kata- 
phoresis. Except in fo far as disturbing factors interfere 
with the observations, ^ftis is found to he true. Thus 
suspended particles of shellac, clay, cotton wool, starch, 

Baudouin, Compt. Bend., 1904, 188, 898. 

' Taylor and Inglis, Phil. Mag., 1903, [vi.] 5, 301; Taylor and 
UiUar* Proc. Boy. Soc. Edin., 1906, i6,147. 
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suJitliur, etc,, in watSr migrate to the anone. Most sus- 
pcnsoid sols do the same, c.g. liio metals, as gold, silver, 
platinuii^ tho stilphiilcs, as arsenions sulphide, zinc 
8 ulpliide,'etc.; while tho hydroxides of the metals, as 
aluminium hydroxide am] I’enie hydroxide, and sonic 
other snhstances, migrate to tho kathode. TIds is in 
agreement with tho electroendosinosis results recorded in 
Ihe previohs section. 

This migration of sols in an elcctn'c held was first 
observed hy Linder and Pictoii ’ in arsenions sulphide 
sol, which migrated to tho anode, and in ferric hydro-xide 
sol, which migrated to tho kathode. The behaviour of 
many sols has been investigated sinco. Tlio following 
list, though in no way complete, may be useful:— 

T 0 .SITIVE Hols (to kathode). 

Ferrio hydroxide Titanic acid 
Aluminium „ Methyl violet 

Chromio „ Metliylcne lilue 

Cadmium „ M.igdala rod 

Zinc „ Some metals, I’b, l!i, Fo 

Thorium „ (almost ceilainly hydr- 

Zireonium „ oxide sol.s) 

Ceiium „ 

Nkciative Sols (to anode). 

Metals, c.ff. An, Ag, Ft, I'd, Ir, Cd, etc. Most metallic 
compounds (except oxides, etc.), c.y. AgCl, Agl, AS.JS 3 , 
I’bS, CdS, Prussian blue, etc. 

Sulphur, selenium, tellurium. 

Silicic acid, stannic acid. ' ^ 

Vanadium pcutoxidc. 

Molybdenum blue, tungsten bine, nia,stio, gamboge, 
fuchsin, eosiu, indigo, aniline bine, methyl aniline green. 

‘ Chen. Sue. Journ., 1892, 61,148. 
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Tlie vdociljf of migration of parficles susyomled in a 
licpiid, under a fall of potNitial, is given by tlio equation 


fill) 



where w — velocity, e = the potential difference of tlie 
double layer, II = tlie fall of potential (volt/cm.), I) = 
dielectric constant, and r) = the viscosity of fho liquid." 
The derivation of this formula is given at the end of the 
chapter. Iii.serting Quincke's value of e for gla.ss and 
water (0'05 V), and the values of the other symbols, 
Smoluchowski * calculated u for a fall of potential of 
1 v/cin. to be 31 X 10'® cm. per second. 


0-05 XJ X Sl_ 

300 X 300 X In X O'OlOh 


31 X 10"® cm./scc. 


The two factors 300 in tho denominator arc to convert « 
and II into absolute units. 

Tho velocity can be determined macrnscopically, 
microscopically, or ultramicroscopically. In tho first 
method, a vertical tube is filled with the sol (the ends 
may be closed with gold-beater’s skin), and an electrode 
applied at each end. The direction of the current is such 
that tho sol migrates to tho under electrode, by which 
a sharp ujiper boundary is maintained. The distance 
travelled in a known time is road off on a scale (Fig. 4). 

In the other methods,^ the actual migration of a single 
particle is observed under the microscope, and the distance 
travelled by it in a known time is measured by means of 
a micrometer eyepiece. •The ultramicroscope must be 
used if the particles are submicrous. Certain precautions 

^ • Bull, Acad. Scicn. Cracow, 1903,182. 

* Cotton and Mouton, J. cktm. phys., 190C, 4, 3C3; Coward, Trana, 
Faraday Soc., 1913, 9, 142. 
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are necessary if oorrett results are to be dbtaineil. The 
particles selected for observatiun'wust be near the middle 
of the liiKiid, for particles near the cell 
walls may even travel in #tlie reverse 
direction. Tlie reason is ^liut clectro- 
endosmosis occurs at tlie cell wall, and 
tlie liquid* moving in tlie contrary 
direction to the sol (tlie cell wall, of 
glass or quartz, irsnally has the same 
sign as the sol) drags the particles along 
with it. Cotton and Monton have 
described the diverse nature of the 
observations when the microsciqie i.s 
focussed on layers at dill'erent depths in 
the cell. 

Then, the particles must be fairly 
equidistant from the electrodes, and the 
observations must bo made immediately 
the current is iqiplied. The disturbances 
due to neglect of these precautions are twofold. When 
charged particles reach an electrode of o|qiosile charge, they 
usually give up their charges to the electrode, and lemain 
precipitated in the vicinity of the electrode. They may, 
however, take up a charge of the same sign as the electrode, 
and then set off back to the other electrode, lleversal of 
the charge may occur in another way. As we have seen 
in electroendosniosis, very small changes in the concen¬ 
tration of electrolytes, ami es[)ecially of IP or Oil', pro¬ 
duce large changes in the charge on the solid, and may 
cause reversal. When a sol i# submitted to prolonged 
kataphoresis, the traces of electrolytes accumn'ato at tho 
electrodes, at the same time decreasing tho H' at the 
kathode, and increasing it at the anode. If, therefore, 
the original sol is neutral, the katliode liquid may become 



Fia. 4. 
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alkaline,' an'l Vho anode liquid witt become acid, with 
corresponding changes inkhc charge on the particles. 

This reversed niigration,liowevercaused,mnstobvioasly • 
vitiate the re.sults. Still .another disturbing process may 
take place. The particles with reversed charge may come 
in contact with some of the original particles, and tlie two 
oloctrieally neutrali.se each other, causing mutual precipi¬ 
tation. If the experiment is unduly prolonged'this effect 
may cause serious error in tlie middle of tlie scjlutioii. 

Tliero is yet aiiotlicr <lislurhing factor, first indicated 
by Coward,* whicli must not he overlooked, viz. a charged 
particle may he allraoteil to an electrode of the same sign 
as the particle, if the potential difference between them 
is sufficiently great. For this reason, ob.servations near 
the electrodes are always liable to error. 

Those sources of error apply also to the macroscopic 
methocks, and their effects were noticed by Linder and 
Pioton^ 

For deinon.stration purposes, the familiar apparatus of 
Nernst for domoustrating ionic migration may he used, a 
sharp boundary between the water and tlie coloured sol 
being obtained in the usual mauuer by loading the sol witli 
a non-electrolyte (.sugar or urea). 

More coiiveiiient still is a small form of the Nernst 
apparatus, wliich can ho mounted in the lantern and 
projected on tlie screen. The U tubes are of small thin- 
walled glass tubing. Tlie filling tube lias no tap, hut is 
constricted to a very narrow opening just below its 
junction with tho U tube. Instead of being placed 
centrally, it is better to Jiend it to one side, as shown in 
Fig. 5, hut not in tho sUnio pl.ino as the U tube. It is 
easier to work, and is out of the field of the lantern; the 
apparatus is clamped by this tube. By means of the 
* f,oc. ck., p. 7C. 
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rubber tube and snftll clip tlie sol can*be introduced 
sloiVly and to tbo requisite amdiint. To uso it, the side 
tube is Quito filled with llio loaded 
sol, and wo clip is closed, • The sol 
which has escaped into the U tube 
is washed out with water. Water 
is then placed in the U tube, and 
the eleotmdes (a Hal helix of thin 
platinum win;) inserted. The ap¬ 
paratus is then mounted in the 
lantern. The clip is cautiou.sly 
opened, and the sol flows equally 
into the two limbs with shiiip in¬ 
terfaces. The clip is clo.?ed as soon 
as the electrodes are covered with 
water. The amounts of water and 
sol must bo 30 adjusted that the 
intcrraccs arc well below the elec¬ 
trodes. A suitable voltage is llOV or 220V. 

With this simple iqip.iratus the direelion of migration, 
the reversal of diioction on reversal of the current, and 
the approxiniato velocity for a potential gradient of 
1 volt/cm. can bo easily obtained, as owing to the magni¬ 
fication, the migration is visible in a very little time. 
Some at least of the disturbances caused by prolongation 
of the e.vperimout, such a.s the precipitation near the 
electrode, and the mutual precipitation by the iiarticles 
of reversed charge, can also he observed. 

Two such tubes m.ay be shown on tlie screen at one 
time, and if a negative sol (gold,or arsenions snlpbide) is 
placed in one, and a positive sol fforric hydroxide) in the 
other, the migration in opposite directions may be con¬ 
vincingly shown, as the electrode comiexion.s can easily 
be shown on the screen at th» same time. 
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Velocity 0 / Migration.—The oljseived velocity is in 
good agreement with the value, 34 x 10“® c!n./sec., cal¬ 
culated from the formula, as the figtiros below s^)w.' 


u {cm./sec. per 

Sol. Size of partl(Jo3. Iv/cm,). 



fiO/i/i 

22 X 10 

= (h. p.) 

ejuartz . . . 

1/r 

30 

(W. P,.) 

Au . . . . 


40 

(W. B.) 

,, .... 


21 'C 

(1!.) 

rt . . . . 

$> 

30 

(W. B.) 

,, .... 

,, 

20-3 

(li) 

Ag . . ■ . 

1) 

l>‘) 

(G. M.) 

„ .... 

” 

2 :; 6 

(!■>) 

( A (lillerc-iit 
>» \ pieparations 


i;)-7 

„ 

,, .... 


in-G 

„ 



10 3 

}} 

Fo ! ’. 


19 


1-0(011)3 . . 

» 

30 

(kll) 


Tlio agreement of these flguro.s and the theoretical 
value shows that the potential dill’crence between water 
and all these different substances is of the same order 
as that between glass and water. Tlie values of e calculated 
from tlie above values of n, vary from 0'028V. to 0-0o8V. 
The metals lead and bismuth give very low values of u 
and «: they and iron are positive sols, like ferric hy¬ 
droxide. 

The velocity is practically independent of the size and 
form of the particles, as the formula requires. 

Most remarkable of all is the fact that the average 
velocity is practically the same as the migration velocity 
of the average slow movifig ions of electrolytes, Na' being 
4o X 10"® cm /.sec., and Li'= 30 X 10“® cm./ sec. for 

« 1 Linder and Picton, Cfim. Soc. Jcurn., 1897, 71, 508; Whitney 
and Blake, J. Airier. Cliem, Soc., 1904, 2<y, 1339; Burton, Phil, Mag., ' 
1904, [vi.J 11,425; Cotton and Moifton, loc. cit., p. 70, 
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1 v/cin. fall of poteStial. The velocity (ff niigfation of 
suffensoiiis, whether iiiici'ons of subiiiicroas, and of ions 
is lliiiB practically eoiislaiit. ‘ 

Effect Sf Electrolytes.—TJic pre.seuce of eli-olrolytes, and 
especially of acids and alhaliiis (IP and Oil'), has such a 
marked en'oet on clccti-oeiirfosmosis that wo naturally look 
for aimilar.clfects here. This expectation is justiliod in 
ylie few iimtanccs in which it is possihlc to test it. Tho 
dillicnlty is that another action of electrolytes comes in, 
which is wanting in electrocnilosmosis. Snspensoids are 
by no means so stable as a diajihragni-liiinid system ; they 
are veiy siiace|ilil>lo to electrolytes, niidoigoing a series of 
changes, which usually end in complete precipitation of tho 
sol. As will he slunvn in the next chapter, these changes 
are almost certainly connected with the electrical changes, 
mainly the electrical neutralisation of the cliargcd (larticles 
hy tho ions of the electrolyte, which we are led to infer 
from the behaviour of diaphragms, Imt which atu uilficult 
to verify try experiment. 

Ilmton • investigatcil llic inllnence of the trivalent 
kation, AP", on negative gold sol and silver sol. 


Silrer Sol. 


Concentration of AIgSO,), 
iu milhiDola per litre. 

0 

0 00.')2 

O-Ol-t 

0-0284 


u (ein./poe.) x 10* 
nt 18’. 

- 22-4 

- 7-2 
+ 5-9 
+ i :!8 


Whitney and Pdako had previously noticed that the 
addition of IP (nitric acid) or cf Ag' (silver nitrate) to 
silver sol caused the particles to migrate to the kathode 
instead of to the anode. 

> Phil. Mag., IJOS, [vi.] (2, 472. 
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The Electric Charge oa a Particle.—An estimate of the 
charge on a single particle of gold sols and silver sols has 
been, made hy I'uiton, on the assumption that m the pre¬ 
cipitation of tlieso sols hy alrrninium salts, the'^amount of 
Ah" which just proci])itato.s^ tlio gold or silver is such 
that the amount of positive electricity on it is equal to 
the amount of negative electricity on the particles pre¬ 
cipitated. 

The volume of a particle is 2 X 10"*'* c.c., therefore 
100 c.c. of a sol (with 6-5 mg. Ag) contains 3 X 10'® 
particles. This volume of sol required 3 0 X 10“® and 
2'G X 10“® ALfSO^ilj for precipitation, from which the 
charge on a [ituticle is 2'8 X 10'" electrostatic units, and 
the chiirge on 1 gm, eqiiivident of silver is 4 per cent, of 
tho charge on Ag' (1 gm. equivalent of silver ion). 

Other liquids.—(Juinche observed that most sub¬ 
stances were positive in oil of turpentine, sulphur being 
the only e.xccption. Lj copodinm in ether migrates to tho 
kathode; snlpliur, vermilion, antimonious snl[)hide, to tho 
anode, liilliter* found that alcohol rcilnccd the migration 
in a phitiimm sol to zero, ami then reversed tlic direction' 
of migration. 

To llurton" we again owe a series of quantitative 
experiments, which show tho general relations quite 
plainly. Tho symbols in the table arc the same as in tho 
formula on p. 67. 

^ Zeitsch. Elektrocheni, 1902, 8 , 633i 
• Elul. Mag., 1901, [vi.] 11, 425. 
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Dispcffsion Medium. 

S„.. 


V‘ 

« X )0’. 

c (volts). 

Methyl alcohol 

PI) 

33 

T)-00G12 

22 

-f 0-046 

P.i 



' 10-2 

-f 0 021 

Ethyl alcehol 

Pb 

2.r.^ 

0-0123 

4-.5 

-1- 0 024 

Sn 


s-d 

-i-0 019 


Zn 

• 


28 

-i; 0-015 

Ethyl malonato 

I’t 

10-7 

0-0223 

2-3 

- 0-054 

Ag 



1-7 

- 0-040 


An 



1-4 

- 0-033 


Tlio raliio of u depends principally on llio viscosity of 
tlie li<[nid; c docs not differ imicli from tlio values in 
water. Tile sols of tlie base metals in the alcohols are 
positive, as in water. 

A broad generalisation rogaidiiirj the sign of the charge 
on a solid in contact witli a liquid, first jait forward by 
Coclin,* may be stated: the .sul)stane,) witli the greater 
dielectric constant is positive to the other substaneo. The 
]).C. of oil of tuiqjontiiie is 2'23, that of gla.ss is 4-7. 
.according to its composition, and that of waiter is 81. In 
agreement with the rule, gla.ss is positive in oil of turpen¬ 
tine, and negative in water. Water has a mucli higlicr 
dielectric constant than most other Rub.stauccs, and, as we 
have seen, most sulislances are negative in water. 

Emulsoids.—Wlien an emulsoid is placed in an electric 
field, migration is observed to take place as in snspen- 
soids. lint the disturhing factors are much more powerful 
than in the latter. The velocity is also much smaller, « 
for gelaliuo being -f 25 X lO'®, and for silicic acid 
—15 X 10“’’ cm./sec. It i.s partly duo to this, that 
reversal at the electrodes, and mutinal precipitation in the 
body of the liquid are more pfononnccd. Indeed, in a 
gelatine sol some of the particles were found to be travel¬ 
ling from each of tlie electrodes at the commoncemont of 
the experiment. 


' Wki. Ann., 1898, [iii.] 64, 21T, 
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Tills suggAts that the charge an'an cmnlsoid is largely 
an accidental matter, being ilcterinined by the incdium in 
wliich it haiipens to he, and lliat its normal condition 
is electrical neutrality. Gelrtiue, if cliargcd initially, is 
ready to lose its charge to the electrode.s, or, if not, is 
rcadyto receive chargo.s from the electrode.s or from ions 
in tho vicinity of the electrodes, C'onfirniation of this 
view is to be found in the oliservatioms oil albuniiii. 
Coagulated ogg-albnmin docs not migrate in either 
direction in neutral solutions, but migrates to the anode 
in alkaline solutions, and to the kathode in acid solutions.* 
Wo must conclude from this that alliumin is electrically 
neutral in water and in neutral solutions, and tliat it 
hecomes negative in alkalies (Oil'), and jmsitive in acids 

(H). 

Pauli’s cxiieriir.eiits ^ on a sjiocially jmro albumin .sol 
still fiirtlier coniirm tliese conclusions. The allmniin was 
dialysed'niltil no more eleetrolyte diHused away. It was 
contained in tlirce vessels connected together, the elec¬ 
trodes being in tho two outer vessels. 'The concentration 
of the sol in tho tliree vessels was determined by 
Kjcldald’s nitrogen metliod; the current was coiinectiHl 
for periods up to twenty-lbnr hours. Tlicre was no kata- 
phoresis, from whieli wo must conclude that the albumin 
is ifioelectric witli water. In solutions with an acid 
reaction (11') the albumin migrated to the kathode, and 
was tliorel'ore positively charged; while in alkaline 
solutions (Oil') it migrated to the anode, and was 
negatively charged. It remained unaffected by neutral 
salts. I 

It is quite open to explain this behaviour of albumin 
* Perrin, Conijtt. Bend., 1903,136,1888; Hardy, J. Bhysiol., 1904, 

in, m 

cliem. Physiol. Path., 1606, 7, 531, 
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by (egarcling it as an ampboteric substance, which as a 
base forms salts with aciils, in wliich the .albumin forms 
the kation, anil as such migrates to the kathode, as all 
katioiis do. As an acid, it \ill form .salts with bases, in 
which it functions .as anioj, and so travels to the anode. 
But wdien wo recall Perrin’s observations (p. C9) bn the 
effect of ir'aud Oil' on clectroendosmosis with diaphragms 
of such substances as carborundum and naphthalene, to 
neither of which can bo ascribed acid or basic properties, 
or amphoteric electndyte structure, we are forced to the 
opinion that the possible amphoteric character of .albumin 
is not the essential factor in its kataphoretic behaviour. 
Rather, that ])uro albumin, perhaps like most pure emul- 
soids, is electrically neutral, ami takes up + or ~ charges, 
especially in solutions containing H' Oi Oil' respectively. 
(See further, p. 90.) 

Oil emulsions made hy shaking two c.c. of petroleum 
(density 0'9) with 100 c.c. of water, or hy boiling the oil 
and water together, or by dissolving the oil in alcoliol, 
pioiu'ing the solution into water, .ami liiially driving off 
the alcohol by boiling, were e.xamined by llatscliek.' The 
dispersity was the same in all three cases, heing 4 X 10 
cm. 'The oil was negative to the water, and the velocity 
of kataphorcsis was —49 X 10"® cm/see. per 1 v/cm.; 
from this the value of e is 0 OijV, and e = 4‘4 X 10"'’ 
electrostatic units, values which arc practically the same 
as for the negative metal sols. 

Tiikorktical 

In this section will be foumi nr.st the deduction of the 
equations couceruing electroeiidosmosis and kataplnresis 
already given in the two preceding sections; and following 

* Koll. ZeiUch,, lull, 9, ; also Lewis, 1909, 4, 21L 
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it, a disoussioil of the various theories which have been- 
suggested to account for'the origin of the potential dif¬ 
ference at tlie Boundary between solid and li(iuid. 

The Volume Equation.—Iij, the steady state- resulting 
wlien a constant KM.F. is apj)liod to electrodes in two 
vessels' connected by a capillary tube, no increase of 
hydrostatic j)ressure occurring, tlie I'lM.F. mrat be con¬ 
sidered merely to overcome tlie initial resistance, and thus’ 
to impart the constant velocil.y. The force of friction is 
proportional to the viscosity, to the area of the moving 
surfaces, and to the velocity gradient. For the reason 
already given ([>, C6) we may consider both the moving 
surfaces of the electrical double layer to he li(|uid, the 
liquid moving agaimst a film of liquid, which lirmly 
adheres to the solid. The visco.sity is thus given by rj, 
the viscosity of the li(iuid. 

The mean velocity u is given by the length of the 
column of liquid which passes out of the tube in unit 
time, V being the volume of liquid; then 

irr-it — v .(1) 


in which r is the radius of the capillary. 

The gradient of velocity can he put = ^'(p —the 

distance from the scilid wall, and 8 the distance of the 
moving side of the double layer from the wall), since 8 is 
a small distance, and the liquid at 8 move.s with the 
velocity u, and the layer itself has zero velocity. 

The frictional force for unit surface is thus: 


yjtt 

Y’ 


or, putting in u — 


V 

Trr-’ 


TfB 

•nfih 


The electrical force acting on unit surface of the moving 
side of the electrical double layer is ell, e being the charge 
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on tliis unit surface!, an*(l H tlio potential gradient producoil 
by tbe external E.M.F. 

Tlicso two forces balance in eeiuihbi'limi, and wo 
have • 


fir J 


7)1> 


.( 2 ) 


Tbo (Inuldc layer may be regaidi'd as a condenser of 
potential e i!i a medium whose ilieleelric constant is 1*. 
Then 

■J TTfis 

I) 


this, with the preceding equation (f), gives 


from which 


filil rp' 

dird 77/ ~3 


4r; 


(■■!) 


Substituting foi- II, 


E being the E.M.F. ajiplicd to the 


electrodes, and I their distance apart, and suhstilnting // 
the cross-section of a diaphragm for /r/'* the cross-section 
of a single capillary tube, we finally have 


■ilTtll 


(■1) 


in which form it is given on p. C7. 

The Pressure Equation.—If tlie liquid is not allowed 
to escape at constant (zero) pressure, the hydrostatic 
pressure P produced by the miration of a volume v of 
liquid is given by roiseiiille’s law : 
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The equilibrium pressure P is obtaiueJ by combining 
this with equation (H): 

2V i-qf 

from which ’ 

r = . . . : . , 

771“ ' 

These are tho tvro laws for electiootidosmosis. 

Velocity of Kataphoresis Equation.—Tlie law for the 
kataphorc.si3 of solid paitides in a stationary liquid i.s 
readily deduced from tlio above rclatiou.s. 

Imagine the particle to be a small cylinder pl.iced 
axially in the capillary tube, and to be stationary, while 
the liquid Hows past the cylinder in tho annular space 
between it and the tube. If the annular .space be regarded 
as made up of a seiies of tubes, tho velocity of the liquid 
is obtained by combining equations (1) and (ii): 


from which 


TTc-a = v — - . - 


V, 


cDII 

4-lTq 


( 6 ) 


If the cylinder he now regarded as moving and the liquid 
as stationary, the velocity must still he tiio same (equality 
of action and reaction). 


Theories regarding the Electrical Properties 

The formul® which ha e just been deduced, have been 
shown in the preceding sections to he fully borne out by 
the experimental results. It is well, however, to state 
explicitly that they throw no light on the origin of the 
electrical phenomena described in those sections. The. 
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development of tlie equations is based upon the assump- j 
tion of “an electrical double layer,” one layer of \vhicli\( 
can move, while the other remains stationary. Tlie nature 
of the double layer, or how it comes into being, or is 
maintained, are quite immaterial. 

These are, of course, questions of tlie greatest im¬ 
portance anti interest. No final decisive answer can be 
given at tiro present time, but several very suggestive 
indications have been advanced, and are worthy of closet 
consideration. 

On tlie well-established ground that the exceptions or 
irregularities most often afford the clue, we may first take 
the positive sols, those basic hydroxides of metals and 
basic dyes, which, unlike the groat majority of liydrosols, 
migrate to the kathode. This peculiarity h.as been ex¬ 
plained in various ways; e.g. being inetallic hydroxides, 
they can form metallic (positive) ion.s, by electrolytic dis¬ 
sociation. This is true, but they must at the same time 
have produced an equivalent amount of Oil' or of some 
other negative ion. Piirther, zinc suljihido (and most 
other metallic compounds) can also give lise to metallic 
ions (kations), but they, notwithstanding this, migrate to 
the anode. 

Now if aluminium hydroxide, for instance, in pure 
water is positive, while the water is negative, it would 
appear tliat the hydroxide has in some w.ay united with 
pait of the II of the water, leaving tlie equivalent excess 
of OH’ to produce tlie negative charge of llie liquid pha.so. 
Pure water contains oqniv.alcnt auiomits of IT and OIT, 
though the actual e(mcentratiol.9 arc very small. From 
this we w'ould infer that aluminium hydroxide dissolves, 
or adsorbs, or retains by permeation or diffusion, IT more 
readily than OIT. 

There is abun iant experiiliental evidence to supporf this 
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view. The fofmation of a seiniperiieable membrane by 
reaction between aliiininilim .salts and ammonia is evidence 
tliat almniiiini'n hydroxide is impernicable by Oil', for 
otherwise, instead of a thin fil,'n, which docs not increase in 
thickness, being formcil, the re.actioii would continue until 
all the AT" or Oil' was used up. It has also been shown * 
that even a large E.M.K. fails to drive Oil' across such a 
film of aliiininiuiu hydroxide. We may thus’ take it 
proved that aliiniiniiim hydroxide cannot dissolve OH' to 
any extent, and that OH' cannot diffuse into it. It has 
also been demonstrated that a film of alnminium hydroxide 
is 2 >ermeable by IP, both by simple diffusion and by the 
ai)plicatiou of an E.M.F. It is immaterial whether this per¬ 
meability is regarded as a solution effect or as a diffusion. 

Thus, when aluminium hydroxide is susiiendcd in 
even pure water, which contains equal conccntratioiks of 
H‘ and OH', tho IP can dissolve in, or diffuse into it, 
while the equivalent of OH' will be left behind, and will 
accumulate in tho layer next the particles. 

Wo will next consiiler the case of albumin, .as the 
type of another set of exceptional substances. Highly 
purified albumin shows no kabqilioresis in water or in 
neutral salt solutions; it tliercfore lias no electric charge. 
From the present jioint of view, tliis indicates that albumin 
either cannot dissolve IP or Oil', or that both are equally 
soluble (or diffusible) in it. If tlie hitter view is taken, 
the concentration of IP and Oil' in albumin will vary 
directly as their concentration in tlie liquid, ix. in acids, 
which contain more IP .anil less Oil' than water, it will 
take np an o.xccss of H', and will be positive. The 
positive charge will increase with incimso in acidity of 
the liquid. In alkaline solutions there is more Oil' and 
leas IP than in water; tho albumin will become negative, 

I Taylor and Inglfe, loc. :it., p. 74. 
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and the charge will increase as the nllcaliulty increases. 
In ea*ch case the cdlbct of incroasiifg acid or alkali will fall 
•off, as a saturation limit may soon be reaelie’l. 

Admittedly, these ideas caiiiiot be carried iiuich further, 
for practically nothing is known n^garding solubility or 
diffusibility of ions in most substances. Nor docs it 
follow because these “explanations” lit the facts, that 
they are cofrect. There may be many jj(issible ex 2 ilana- 
lions, only one of which can be light. Indceil, tlie most 
probable of the suggestions is that ono which substitutes 
adsorption for diffusion or solution: and this, partly 
because adsorption is a wider and more universal phenome¬ 
non than the others, and parlly because it can be observed 
or assumed to occur in more instanco.s than they. 

Tlie adsorption theory exjilaiiis the lu-edominant effect 
of ir and Oil' on the electric charge hy stating that these 
ions arc more readily adsorbed than oilier ions, and that, 
fiiitlier, Oil' is more readily adsorbed tliaii II'; from 
wliieh most sobs are negative to water. It is not so clear 
why Oil' is loss readily adsorbed than 11' by tlioso basic 
hydroxides which form positive sols, nor why albumin 
adsorbs both ions equally. Freundlich suggests that the 
basic substances produce OH' in the adherent layer, and 
that, owing to its greater diffusion vchieity than the other 
ions present, it diffuses into the moving layer, imiiarting 
to it a negative chargi', and leaving the inrticle positively 
charged; and similarly with the feebly acid substances 
and H'. The great inlluouoe of acid or alkaline reaction 
of the medium on the magnitude, and even on the sign of 
the charge on the sol, is readiljiseen from this point of 
view. 

The fact that the effect of ions is relatively greatest at 
small concentrations is what would he expected from the 
relation between adsorptio)> and concentration. It is 
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plain, too, tlial, only adsorption of ions of opposite charge 
to that on tlic sol can rei'lnce the charge on the sol, for the 
adsorption of the other ion would increase the charge. 
The valency rule also is capable of explanation from the 
same point of view (.see p. lOlJ). 

In many instances electrolytic di.5Sociation does not 
afford an explanation; e.<j. drops of petroleu'in' in water 
are negatively charged, as also is aniline,® According to 
Perrin,® tlicie is no electric charge at the interface of 
solids and li<iuid3 in non-ionising liipiids, such as chloro¬ 
form and ether. Again, transference of electrons at the 
interlace lu.ay also occur. 


ClIAPTF.It IX 

PKEGIPITATION 

One of the most striking features of certain of the sols 
prepared by Orahani and other of tlie early investigators 
of colloids, and one which attracted their attention, is 
their extraordinary sensitiveness to chemical reagents. 
Aluminium hydroxide sol, for instance, prepared by 
Graham’s method, gives a dense precipitate when ono or 
two drops of dilute sulphuric acid are added to it; this 
precipitate is aluminium hydroxide. The sol is still more 
sensitive to neutral sulphates {e.g. sodium sulpliate). 
Many other sols are equaJjy sensitive. 

In some oases this process can he reversed, and the 

• Lewis, KoU. ZcUscli., 1900, 4, 21t. 

• Ellis. Zexisch. Physikal. Chcvi, ]912, 78, 321, 

• PerriD, Jour. Ghm. 2 >k>/s. 2, 001; 1905. 3. 50. 
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Bol regenerated by merely washing away tlia reagent with 
pure* water, hut in others this* cannot be done, tlicre 
being apparently no direct method of regitining the sol. 
Between tircso extremes lie the majority of sols. In many 
cases the reversibility is a question of time ; the precipita¬ 
tion is reversible at first, but*sooner or later, passes tlirough 
stages of iikcomplete reversibility to conqilcto irreversi- 
bility. Tim division of precipitations into reversible and 
irreversible depends on an arbitrary interval of time, 

Instabilily, the tendency to undergo change either 
spontaneously or under the inlluence of very small 
amounts of reagents, appeared to be oliaractcristie of 
colloids, though possessed by dilferent colloids to very 
different extents. The metal sols, in whatever way 
prepared, arc, as Faraday, Zsigmond}-, and ISrcdig found, 
proliably the most susee|)tible to changes, wbich seemed at 
first sight to be spontaneous, duo to inherent instability, 
but which were later shown to bo dependent on the 
method of prejiaration, and especially on the nature of 
other substances formed in the reaction simuliancously 
with the sol. On the other hand, many sols were 
extremely stable, and remained unchanged for years, 
although they were higlily sensitive to small amounts of 
reagents. 

This susceptibility to reagents is, as a rule, limited to 
electrolytes: salts, acids, and bases; indifferent substances, 
whether inorganic or organic, have usually no ap]:ireciable 
effect, until they are added in large quantity. Sols vary 
very much in their susceptibility to reagents; some are 
readily precipitated while other^are not all'eeted by some 
salts, and require large amounts of other salts to cause 
precipitation. They have accordingly been classed as 
hydrophobe and hydropbile sols, or more generally, as tlie 
distinction also applies to other dispersion media, lyoptioba 
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and lyophile'sols. Broadlj, lliis division agrees with that 
into suspoiisoids and eunilsoids. The propriety of the 
terms will be evident if the fundanieiitiil dilferenoes’ 
between suspensoids and e^nulsoids are re&itlod (p. 18). 
It is necessary also to bear in iiiiiul tlie picsont use of the 
tcrm’“yrf” (Introduction, p, 5). 

As the phcnoiiicua of jjrccipitation arc S(t varied, they 
will be dealt with in the following order:— 

A. The action of electrolytes on snspensoids: 

(«) qualiiativo, (h) riuantitativo, (c) valency rule, 
(il) adsorption, (c) stabilising effect of ions. 

II, The “ complex ” theory of colloids, 

C, The action of reagents on emulsoid.s: 

(a) albumiu, (6) gelatine, (c) silicic aciil. 

I), Protection of .smsjicnsoids by cmulsoids. 

E, Mutual precipitation of sols. 

Tim Action of Ei.uctiioi.yte.s on Stisrnssoins 
When successive small cpiantitics of a salt arc added 
to a sol, the sol becomes opalescent, and a ilocculont 
precipitate finally appears, which settles out, and leaves 
the medium clear and free from the disperse phase. This 
behaviour, first observed by Selmi, and later by (Irahani, 
is well known to every student in the case of arsonious 
sulphide, which is obtained as a sol by interaction of 
arseuioHS acid and hydrogen sulphide solutions; no 
precipitate is obtained until acid or salts have been added. 
The changes are readily followed under the microscope; 
when opalescence comminces, the particles, while visibly 
increasing in size by coalescence, are in rapid Brownian 
movement. As the size iiioroases, the movement falls off, 
and when the particles settle out, they are no longer 
in motion. 
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The oonrso of those chanijos can be Allowed more 
complelely in tlio ultrainicroscope* Coiiimeiioinsr with au 
ainicroii sol, tlic lirst ell'ecl is the produetioii of suhiiiicroiis, 
seen as indlviiliial discs of liijlit in active Prownian move¬ 
ment. On fnrtlier addition of olectiolyto, tliey decrease 
in nninlM'.r by niiilino witli each otlier to form microns. 
Alon,' with tin's tiio iirownian movenieut lieconics 
aingyisii, aitd, as liic micron stage passes into tiio macron 
stage, diniinisiies to complete cessation; sedimentation 
then occurs. 

Tins ccssalion lias been considered liy some to bo the 
cause of prccijiilation, tlie prinoiry effect of tlie electrolyte 
being on tlie Brownian luovcmen!, slowing it down. It 
had, indeed, been observed tiiat .small concentrations of 
elec'lrolylcs actually do reduce it, and d. last cause it to 
cease. Svodherg sliowed that tlie seqneneo is tlic revense 
of tliat stated aliovo, i.e. tiio electrolyte oau.sc.s tlie par¬ 
ticles to iniile, and tiio Brownian movement liecomes 
slower in coii.seipicnce of tlie larger size. There was no 
ehauge in the ainplitudo hel’oro and after the electrolyte 
was added, until the .size began to increase. The following 
figures refer to a silver sol, to wliieh increasing amounts 
of aluminium sulphate were .added. It was possible to 
determine the .aniiilitndo before a sensible amount of 
prccipitalion had ocenrred. Even so great an amount of 
alhminimn salt as to rover.se the electric charge on the sol 
had no elTect on the amplitude. 

Kafaphorellc yoliicily AwpliUide KataphnroUc vi'lnciljr Amplihids 
(iiii/se< X 10^}. IIIM. (on /HI’C y Ill M. 

-21 1-3 I H'UIJ i-2 

-2-a 1-3 • +1-76 1-2 

These figures make it quite clear that the alteration in tho 
Brownian movement is due to antecedent changes in 
the sol. 
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The cause is rather to be sought in the electrical 
phenomena. Burton noticed in his experiments o'n the 
effect of Al"‘ on the kataphoresis of silver sols, that the 
latter appeai-ed to bo at, maximum iustiJnlUtj when 
the kataphoresi.s was reduced to zero, i.e. at the point of 
electric neutrality, the isoelectric point. Of tlio four 
silver sols in the table on p. 81, the pure std was stable 
for indefinite periods, the two following (a = —7'2 and 
+5'9 X 10^®) precipitated in a few hours, and the last 
(m = + ld'8 X10“®) was more stable, not being coinphtely 
precipitated in four days. The effect of the electrolyte is 
first of all to diminish the potential difference between the 
disperse phase and the medium, and prccii)itatinn oidy 
occurs when the potential dilfcrenoe lias been brought 
sufficiently near to zero; smaller amounts of electrolyte 
have practically no effect on the stability of the sol. 
Linder and Picton' added to a ferric hydroxide sol one- 
sixth of the amount of NaCl necessary for its complete 
precipitation; it remained clear even on boiling. As the 
sol could no longer be filtered unchanged through a porous 
plate, its disjiersity must have decreased, although not 
so much as appreciably to diminish its stability. 

The ])rccipitation of .sols by electrolytes has been 
recently worked out by Kruyt and Spek,^ and, according 
to them, the processes concerned are as follows;—The 
particles unite after approaching on account of Brownian 
movement (probability of collision); the probability that 
collision leads to union depends on the electric charge on 
the particles, which, in turn, depends on the electrolyte 
added, corresponding 1^^ adsorption of the added ion. 
Beoroased dispersity (by boiling, or change of initial con¬ 
centration, as by dilution of a more concentrated sol) 

■ CItem. Sec. Jour., 1905, 87,1993. 

« Koll. it«isoft.„1919, 26, 1. 
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causes an increase ot precipitation value lot- IC and Ba", 
a decrease for AV". With a lo#cr total surface, a corre¬ 
sponding decrease of electrolyte is noocssitry for a given 
adsorbed amount; dilution, or reduction of dispersity 
brings the pai tides furtlier apart, so the probability of 
collision is loss, and in ecpiSl conditions for precipitation 
a greater probability that collision leads to union, i.e. a less 
tbarge is r«(iuircd (lowering of critical potential). These 
ofiposing tendencies emerge to dill'erent extents for dill’er- 
ent ions. 

ATe must conclude, then, that a definite concentration 
of electrolyte is necessary for precipitation, and that, since 
smaller concentrations may cnu.'se only partial preeijiita- 
tion or even none at all, it is not iinfirobablo that 
larger concentrations may also produce partial or no 
precipitation. 

, The Precipitation Concentration.—The e.vislence of 
this limiting concentration was first demonstrated by 
Bodhiiuler* in the case of kaolin suspensions. This is 
well shown by the following table;— 


Atl i I'hncOfiUi 
11 


,M), „ Ksfilill. 

* X 10 * g 1” f 'i"*'- 

- -! X 10 

■i 

O'O 7 7 1 

0-2o 

O'le 7'.7 

0‘JS 

o-m 7 7 

0 29 

01'J 7 C 



Add CdiicPiitMlim 


’(.S'llltl. 
g. p«'i iitf.-. 

t.\) 

Gi 

i-S 


Tlio same holds for sols; below this limit of concentration 
there is no precipitation even after a long interval of 
time.'^ An arsonious sulphide sol contained 9*57 niilli- 
niols per litre; in portions of this sol containing 1*219 
and 2*438 millimols of potassium chloride per litre, the 
concentrations of arsenious suiphido at the end of 340 
days were 9*60 and 9*45 millimols respectively. With 

' Gotthigcr Nachrichten, 1893, 267. 

* Fcdundlich, Zciisch, phy9ikal. Chon., 1993, 44, Ht. 

II 
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3'90 millimols of potassium clilorido per litre, the sol 
was almost completely pfecipitatod in tliis time. " 

It is a pciuiliar circumstance lliat tlio manner of 
adding the reagent has a masked effect on prothpitation ; 
when the icagent is added very slowly, or a little at a 
time, a much hugoir amount* is necessary for complete 
precipitation. The sol appears to hecome “ acclimati.sed.” 
For instance, the nmonnt of bariuiu cldoride’ necessary 
for complete ineihpitalion of an arstmions sulpliidc sol in 
two hours was a.scertaincd. AVIion this imu)niit was 
added in .small quantities at a time, precipitation was 
far from complete in two hours, and a iiinoh larger amount 
was then necessary. The slouer tlio reagent is added, 
the greater is this e.xcess. This is a general occurrence. 

If, as an experiment of Mines suggests,* the pre¬ 
cipitant reverses tlio sign of part of the dispei se ]iha.se, 
which then nintiially precipitates tlie unchanged p.arliclo.s, 
i.e. if the action is duo to irregular distrihution of electrio 
charges, it is evident that the effect jiioduced by a given 
amount of electrolyte will depend on the ra(e at which it 
is added. For if it is slowly added, time is alforded for 
all the particles to he equally all'ccted, and, therefore, 
there will be no precipitation. 

The Valency Rule.—Thu most striking thing about the 
precipitation of sols by electrolytes is tlio enormous 
differences in the precipitation concentration of different 
salts. This is equally Inio of suspensions and of sols. 
The fidlowing iignros, given by I’odlauder,^ illustrate 
this. The concentrations are not precipitation-concentra¬ 
tions, but are the concenfrations which exactly doubled 
the rate of sedimentation in the pure suspension. 

' Koll. Clmn. lieihrfte, 1912, 3,191, 

* Jahrh. UiyicraL, 1393, 2, 117. 
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Electrolyte. 

HCl . 


Kaolin Suspension. 

• Mg. oquivalouts iu 

100 c.c. susgension, 

. . 0-0017 

ll-NOj 

. # . 

. . 0-00IG 

}l(X)O.C( 

1 ^ 

. . OOOIC 

IIoSO, 

• 

. . 0-0020 

]MV'4 


. . 0-8700 

1I,V()4 


. . 0-0183 

NaOll 


. . 1-186 

Jla(()il)j 


. . 0-3700 

NaNO, 


. . 0-0133 

Cadi, 


. . 0 (1029 

MgClj 


. . o-ooic 

Similar lesults 

woro obtained by both Hardy and 

Bechhold for iiinatio sols and a gold sol ■:— 

Mastic (Hardy). <foIJ sol (Hardy). 

Electrolyte. f in. oquiv. per lure. gm. oquiv. per litre. 

HCl . . . 

. o-ool 

0-008 

UNO, . . . 

. O-OOl 

0-008 

H2SO4. . , 

. 0-004 

0-008 

iijcyf, . . 

. 0-009 

_ 

Nadi . . . 

. 0-12 

0-013 

K,S04 . . . 

. 0 24 

0-020 

liaCI, . . . 

. 0-022 

0-004 

MgS()4 . . 

. 0 028 

— 

KOH . . . 

— 

0-09 


Mastic (Bcclihold). 

mg equiv. mg. eijuiv, 

Eloctrolyto. per litre. Electrolyte. per litre. 

NaOl. 1000 J)aCI.,.50 

AgKOj.125 CaCl.,.60 

HCl. 10 CdSU4.25 

^ 2 ^^*. AU’SO^'a . . . , 0'6 

MgSO^.100 F.'/SO,), . . . 0-5 

ZnS 04 . 100 AllNOjla . . , . 0'6 

I’eClj.09. 


‘ Hardy, ZeiUch. physikal. Clicm^ 1900,87,386; Becbhold, Ziitsch* 
fhyiikal, Chm., 1901,49, 885. 
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It is obvious from these results that these electrolytes 
fall naturally into three groups, the members of each 
group possessing the same precipitating power. As tlie 
same anions are to bo foutld in all three groups, the 
enormous differoncos cannot be asoi ibod to them, but are 
citliei' due to the unionised niolcculo or to the kations. 
The kations in each group are of the same Valency; the 
univalent kations TP, Na', K', etc., in tlio ‘first group, 
with the smallest precipitating power; followed by the 
bivalent kations Ca", Pa", Mg", Zn", etc., and by the 
third grou]), tho trivalont kations Al'", Pc'", etc., with 
the greatest precipitating power. 

All tho sols in tlie above tables are negative; it is 
clear that the precipitation is mainly effected by the ion 
of opiiosite electric charge, and that tho precipitation' 
concentration is a fmictiou of the valency of these iojis. 

If this conclusion is correct, the precipitation of po.si- 
tive sols sliouhl depend on tho valency of the anion. Ex- 
poriuients made to tost this have fully confirmed the 
valency rule, llaitfy, who first established this rule, fotmd 
the followiug figures;— 


Piiiiiiic Hydeoxide Sol. 


Electrolyte. 

Concentration 
gm. eqniv. 
per litre. 

flloctrolyte. 

ConcontratioD 
gni. equiv, 
per litre. 

IICl . . 

. . . 0-.5 ■ 

, , 

. . 0*002 

UNO, . . 

... 0-5 

1120204 . . 

. . 0-002 

NaCT . . 

. . . 0-,5 

K 2«04 . . 

. . 0-0006 

KOir . . 

. . . 0-001 

MgS04 . . 

. . 0-0005 

i>«xd2 • • 

. . . 0-001 

... (1 

113 citrate . 

. . 0-0007 


Cerlaiu pcculiarities*ln the.so results ro(iuiro explana¬ 


tion, hilt on tho whole they confirm tho valency rule, 
Ifio three groups containing the univalent, bivalent, and 
'trivalent anions respectively. A very extensive series of 
experiments by Ereundlich* fully establishes the rule. 
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lot 


PEiiRio IIvDROxiDE SoL (1,0 m.iiiols pei’ litru). 


Electroij'to. 

NaCl . 
KCl . 
PiiClj . 
KNO. . 
•KlSr . 
ra(N 03 ), 
Kl . 


Cone. nv^. 
e'liuv. m 
1 llfTO. 

'J-25 " 

!)•():; 

9-04 

11- 9 

12- 5 
il-O 
LG-2 


I'llcctrolyto. 

iici . 

KoSO^ . 
jMi'S 04 

^2^ 1-20 7 

ILSOj. 


Cone, mg. 
e^uiv. in 
1 litre. 

ca 409 

. . 0-42 

. . ‘fl-204 
. . 0-217 
. . 0-194 

. ca 0-5 


wi.sujt Sor. (-7 iii.atom per lilic). 


Gone, (ni mol I Cone, (m.mol 

Elootroljto. per liti-o) ■ Klootrolyto. per litre). 

N,aOll.120 luCI,.O-O.iS 

NaCl. 2-.5 CO„(XO.,)., . . . 0-005 

ICCI 9--) 

.. I’KNC.,),, . . . 0-011 

Ap'NO; .... 0-22 .l.Vl2(.S0‘).j . . . 0-013 


Aiisf,.nious SuLi’iinii! (7-.54 iii.iiuila pci- litre). 


Electrolyte. 

Unim/cnl luftioii '^— 

Cone. 

nitrate . . . 

2K) 

kcyijOo. . . . 

110 

ICCIlUj . . . . 

8G 

iK2^C4 . . . . 

05-5 

KOI. 

49-5 

KNOt. 

5O-0 

NaCl'. 

51-0 

I.iCl. 

58-5 

IICl. 

30-8 

ill 2 S 04 . . . . 

30-1 

Guanidine iiitiato . 

10-1 

Slryclinine „ 

8-0 ! 

Aniline cliloi-ido 

2-52 

Tulnidine sulpliato. 
p. oliloraiiiline 

1-17 

•1 

chloride. . . 

1-081 


Klootrolyte. Cone. 

i\lor|iliiiiii cliloi'iile . 0-125 

Ci-yslal viiilet . . 0-1 G.i 
Noo I'lieh.siii . . . 0-114 

llii’ii/i id 

My20, .... 0-810 

^I'cCI,.0-717 

(■aCl„“.0-G49 

SrCI,,'.0-035 

l;,-iCi..O-GiU 

.0-C87 

ZiiCI., . . . . 0-G85 

l^OotN’ilj)., . . . 0-G42 

Quinine .sulpliato . 0-24 
ISenziiline nilrato . 0-037 


Triraknt Kalians — 



0-003 

0-095 
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f 

Iliiriy’s nlle that the precipitating power of an electro¬ 
lyte depends on tlio vdlency of tho ion, whose electric 
charge is oj)p6sitc to that on the sol, is thus fully estab-‘ 
lished. • ' 

We thus have the same law ap]ilying to the amount 
and direction of ulectroendosmoais and Icataphoresis on the 
one hand, and to precij)italion on the other.- It is then 
highly probable that tho latter is a conserpitmco of the 
reduction or elimination of the jiotential din'ereiico between 
the dispoi-se phase and the medium. If the cdectric charge 
on the particles is due to the adsorption of kations or 
anions, according as tlie sol i.s -f- or —, it is easily seen that 
tho neutralisation of this charge rcr|iiiros the adsorption 
of anions or kations. Purther, tlic readily adsorbed IP and 
OH', which wo have seen to have so powerful an effect in 
elcctroeiidosmo.sis, sliould also have a greater precipiitating 
power than other univalent ions. The data given above 
contain illustrations of suoli an effect. Not only so, but 
any ion which is icadily adsorbed ought to Iiave a lower 
prccipitalion-coiicenlratioa than other ions of tlio same 
valency, jlrnoug such are the organic ions. We shall 
return to this later on. 

Explanations of the Valency Rule.—Various e.xplana- 
tions have been advanced. Qualitatively, there is little 
difficulty, if it is remembered tliat proci,citation is a con¬ 
sequence of removing a definite electric charge from tlie 
disperse phase by means of ions of opposite charge. As 
the charges on uni-, hi-, and Iri-valont ions are in tho 
ratio 1:2:3, tho equivalent amounts will ho in tho ratio 
3:1-5:1. < 

Tho quantitative relation is not so easy. Whetham * 
applied tlie theory of probabilities, and reached the con¬ 
clusion that the ratios of the molecular piecipitation- 
■ PhU. 1K)9, [v.] 18, 474. 
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ootK^Biitralions of univalent, bivalent, and trivalent 
ions aie 

Cl : 02 : 03 = : Ic ^ ; h 

k being a constant. * 

rrennillicli assumes tliaj neutral salts, wliatevcr their 
valency, are equally adsoi bed from O(iuimolecnlar solutions, 
_and tliat they follow llie .S(lsor|itinn law. The charges on 
uni-, hi-, and tri-valeut ions being in the ratio 1:2:3. 
the amounts to be adsorbed, in Older to produce complete 



Fm. 0. 

precipitation, will he in the ratio 3 : 1'5 :1. The concen¬ 
trations of solutions in vvliich hivalcut and trivalent ions 
will ho adsorbed to tlie.so extents, comii.ared with the 
necessary adsorpition of niiivalent ions, aan be road from 
the adsorption curve (p. 255). These sliouhl he approxi¬ 
mately the prooipil.ation-concentrations of the solutions. 
The simplest test of this is to j^Iot the logarithms of the 
concentrations against the logarithms of 3,1‘5, and 1. The 
curve will ho a straight line, if the adsorption law is 
followed. When this is done for the data fer arsenious 
sulphide and platinum sols the curves are practioalfy 
straight lines (Fig. 6). 
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Adsorption of the Precipitating Ion.—Perliaps the,best 
confirmation of the above ideas an to tbe meobanism of 
precipitation is to be found in tlie fact, that when a sol is 
precipitated, tbe precipitate‘"carries down” with it part 
of tbe reagent, or ratber, of ,tbc ion of opposite obarge. 
This vtas first noticed by Linder and Picton ’ with arseiiious 
sulpbble sol and barium chloride. The supenuitaut liquid 
was found to be .acid, and a corresponding quantity of 
barium was found in the precipitate. It was so firmly 
held by the precipitate that no amount of washing with 
water availed to remove it. It could be removed by 
w’ashing it with a solution of some other salt, the kation 
of which took the place of tbe barium. These observations 
have been subsecjuently confirmed and extended. 

According to tbe explanations of the preceding section, 
only tbe precipitating ions should be adsorbed, and in 
electrically equivalent amounts. Tbe amounts of diflbrent 
ions adsotbed by a given amount of precipitate ought then 
to be chemically equivalent. This is the case.^ Thus 
100 c.c. of arseiiious sulphide sol adsorbed the following 
weights of ions:— 


Weight adsorbed (gram), 


loa. 


observed. 

caiculatLd. 

Ba . 


00070 

00076 

Ca . 

, ^ 

0-0020 

0-0022 

Sr , 


0-00:19 

0 0049 

K . 


0-0006 

0-004:1 


The weights equivalent to 0 007C g. B.i are given in tbe 
last column. ^ 

Freundlicb'' examined several organic ions, which also 
agreed with the rule. The nuiubor of milligram equivalents 

, * C/icm. Soc. Joum., 18D5, 67, 63. 

• Whitucy aud Obor, J. Amer, Chein. Soc., 1902, 23,842, 

* XoU. ZeitKh., 1907, 1, 32/. 
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of lia|ions adsorbed by 100 millimols of arsemous sulphide 
is very nearly 2 (ibo number varies from 2 5 for Ca to T8 
*for aniline). 

Tlic iin['o.s.sibiIity of wasliiflf; out the ailsorbed ion with 
rvatcr, and the quantitative replaoeiiieut of it by other 
ions, correspond closely witli the behaviour of adsorbed 
sub.stanees ifi general. Tlie positive sols afford further 
confirniation. Organic anions have an unusually low 
precipitalion-coneentration for ferric liydro.xide .sol, e.g .— 


Soiliiini rhloride .... 

. . . 300 

„ formate . . . . 

. . . 50 

„ acetate . . . . 

... 30 

„ iieii/oato . . . . 

. . . 32 

„ salicylati! . . . . 

... 20 


Now organic acids arc as a rule strongly adsorbed, and 
so the amount of anion necessary for idecti ical neutralisa¬ 
tion and precipitation will be adsorbed from more dilute 
solutions. 

The Stabilising Effect of Ions.—.Vttention has just been 
directed to the specially low prcciijitation concentration 
of organic anions on a positive .sol. A glance at the 
tables on p. 101 shows that these salts have an abnormally 
high precipitation-concentration for the negative sols. The 
same holds for OIT, and the reveise for IT. Acids and 
bases occiijiy an e.xccptioual position in all the tables, 
whether relating to sols or — sols. Tims for ferric 
hydro-xide tlie prcci[iitalion-conccntralions are— 

HaCIo.9-04 

]ia‘.. 400 

l!a(OII)j 0-42 

Tlie figure for liarinm diloiido is about the same as that 
far 4 py otlier chloride, except hydrochloric acid, and the 
figure Ibr any univalent anion, except OIT, is nearly the 
same as for OT. 
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It tliu8 lippears that II‘ exerts an influence on a p 9 sitivo 
i^ol whicli is opposoil to precipitation, wliile OH' has the 
Opposite efTcbt. The correspomlijig oirect willi negative 
sols will ho that Oil' liinilers procipilalion, wliile' IP 
favours it, and tliis is what actually li.ippcns. Tlie p o- 
cipitation-conccntratiiin of sodium chloride on a platinum 
sol was 2’5, of sodium hydroxide I.'IO. The' figures f'or^a 
mastic sol were: sodium chloride = 0'12, and hydrochloric 
acid = O'OOd. Bodlander’s lignres for kaolin are a good 
illustration, ejj .— 


UNO,. 

.... 0-0016 

NaNtJj. 

.... 00133 

NaOIl. 

.... 1-19 

CaC’l,. 

.... 0-003 

Ba(OlI).. . . . . 

.... 0-37 


In all these exani])les we .see that IP and Oil' 
exercise oiiposing inihiencos on hotli posilive sols and 
negative sols, hnt that each of them has a similar ell'cct on 
sols of the same sign as themsclve-i, i.e. IP stabilises posi¬ 
tive sols, and OIP stahilUcs negative sols. 'I'liis is what 
the faets of clectroeudosmosis, and the theories regarding 
the origin of the potential dilfcrence at the interface of 
liquid and solid, would load us to expect. A positive 
diaphragm and a positive sol will have their positive 
charge increa.scd hy the presence in the liquid of a highly 
adsorhahle katiim, such as IP and the oigauic kations; 
they will ho more readily discharged by highly adsorhahle 
anions, such as Oil' and organic anions. The converse 
will hold for negatiio diaphragms and sols. 

The precipitating olfect of an electrolyte is duo to c 
balance between two opposing influences: a suspending or 
Btabilising ell'cct due to tbo ion of the same sign as the 
sol,‘and a labili'ing or preci^utiding effect due to the ion 
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of opposite sign. The valency rule is approSimatcly true 
because in tlio majority of cases,*t.c. inorganic salts, the 
•ono force is niucli greater tliau tho other. ’Still, even in 
tlio case of neutral salts the <Uffercncos between univalent 
ions arc far greater than the experimental eiror 

Many instances could bJ cited in illustiation oC this 
view, but two will suffice. Bredig <li.scovered a method of 
preparing ihetallio sols by electrical dispersion of solid 
metals under wat(T. These sols, which are negative, were 
not very stable, and Bredig recommends tho addition of a 
trace of alkali to pure water, to increase the stiibility. In 
Kohlschiitter’s method of preparing silver sol (p. 187) there 
is always some unreduced silver hydroxide left. Most of 
this can be reduced by hydrogen gas in a platinum basin, 
but not quite all of it. The less hydroxide remains, tho 
less stable is the sol. Unless very pure conductivity 
water is employed (electrolyte-free) tho sols usually juo- 
cipitate towards the end of tlio purification. 

We must also revert to Burton’s experiments on the 
kataphoicsis of silver or gold sol, to which varying amounts 
of AP” had been added (p. 81). The trivalent kation, 
which is so potent in discharging and preciiiitating the' 
negative sols, reverses the direction of kataphoresis, and, 
also increases the stability of the sol when added in larger 
quantity. In this conne.xion, his experiments with quadri¬ 
valent ions are interesting. He failed to obtain precipita- 
Uon*with stannic chloride or platinum chloride. Tiiero 
are two possible explanations for this failure. Probably 
in neither case does the solution contain a quadrivalent 
kation; stannic chloride is hydrolysed into stannic acid 
sol, which is emnlsoid, and woidd “protect " tho silver sol 
from ju'eoipitntion by electrolytes (p. lliO); if the platinum 
chloride was PtCl 4 (and not n 2 l’tCl 0 ), it was probably 
entirely converted into an o.xy-acid (ll 2 rtOCl 4 ), in which 
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the katioii is ‘iP and tlie platinum is part of the anion. The 
other explanation is tlikt, in accordance witli the valency 
rnlo, the precipitation-concentration of a rpiadrivaleut ion' 
is exceedingly small, and a small excess over this amount 
would, as in the above aisc of AV", convert the silver sol 
into a stable positive sol. ’ 

The “Comi'Lex” Tiieoey of Cor.i.ofns 

These relations between the stability of sids and the 
presence of ions or of electrolytes in the disperse phase 
have naturally led to the question whether a colloid is not 
essentially a complex made up of the two. Thus the above 
silver hydrosol will bo either xAg, i/AgOlI, or more sim]dy 
a’Ag.yOH', and so for other sols. This idea is found quite 
early in the hi-stoiy of colloids. Graham observed that 
dialysis, however prolonged, did not remove all the chloride 
from his ferric hydroxide sol, the limit being 08’5 per cent, 
of ferric hydroxide to 1'5 per cent, of hydrochloric acid. 
The amount of chloride was later reduced to less than half 
this, 991,'; ])er cent. .Fc(OH )3 to 0 8,i per cent. IICl, and 
recently again by Niwdardot* to 99'84 per cent. l’e(OH )3 
to O'lC per cent. IICI. 

The same thing occurs in many other instances, c.y. 
zirconium hydroxide sol," pre|)ai'ed by hydndysis of the 
chloride and dialysis, contained O'OOdS g. Cl' to 0'G07 g. 
Z 1 O 3 . 'I'lie sulphide sols prepared by Linder and I’icjton® 
were found by them to contain hydrogen sulphide, which 
could not be i cmoved without precii)itation of the sol. 'They 
determined both tlie mot^l and the suljdutr ; the excess of 
sulphur amounted to several per cent. 'Tliey regarded the 
hydrogen sulphide as an essential constituent of tlie sols, 

• Jlecheiches sur le ses'piioxidc de fer, Th^so. Paris, 1905. 

• Uncr, Zcitsch. anorg. Chem.y 1905, 43, 

• Chem. Soc. Journ.^ 1892,6f, 114. 
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and assigned formuto to tbetn, e.g. 8A32'!3, NjS ; 22CiiS, 
lIjSfWZnS, HjS. • 

• Wyrouboff* and pupils represented the val-ious dialysed 
ferric iiydrcftide sols as clilonides of “condensed’’ ferric 
hydroxides, a reminiscence of Graham’s “co” salts. This 
idea was further developed Ify Diiclaux,^ and exteuiled to 
other groups'of sols. In particular, copper ferrocyauide 
was shown fo contain K', no matter what excess of €11804 
had been emidoycd. 'Thu formula varied Iictweeu 
€u 2 Fe(€N) 8 , iK 4 l'V(GN)o and Gujld^ONia, ,'„K 4 Fc(CX)e. 
Similar results were found for cadmium sidphidc from 
aadmium sulphate and hydrogen sulphide; the S(d always 
contained all three sulistances, whellier there was e.xcess 
of either the one reagent or the other. 'I’he stability of the 
.sol dejieuds on the presence of these iuiis 

From this standpoint, precipitation by electrolytes 
becomes a chemical reaction, a double decompositiou 
in fact, and the valency rule becomes obvious. 'The equi¬ 
valence of the ions necessary for equal iirecipitation has 
already been dealt with, but Duclaux’s iiguro.s for ferric 
hydroxide sol are so striking that they are given below.^ 
The sol contained 0'0203 equivalents Fe, and O'OOlOli 
equivalents Cl per litre. 10 c.o. of the sol (= IG'G X 10'® 
equiv. Cl) required 


17 X 10- 

■6 equiv. SO 4 

IG'5 

CnlljO. 


(citiaic) 

16-2 

Cr 04 

17 

CO 3 


19 X 10 ® equiv. PO 4 
1« OH 

13 Fe(CN )3 


Similar figures were obtained for the negative copper 
fcrrocyanido sol. 


' Bull, Soe. chim., 1899,21,137. 

• Compt. Beni., 1904, 138, 114, 809; 1905, 140, 1103, 1514'; 
1906, 143, 296, 341; J. Chim. Phys' 1907, 5, 29. 
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In the Etttenipt to prepare pure silicic acid sol by 
Graham’s method, Jordis* found that the more it was 
purified the 'iiiore unstable it became, and formed the' 
conclusion that sols are chemical compounds, ' 

The amount of salt associated with the colloid varies 
with, the concentration of thh salt in the liiiuid,^ which is 
contrary to chemical combination, but is in agreement with 
adsorption. Loltermoser* has .shown that Silver halide 
sols can ho made from very dilute solutions of silver nitrate 
and K.Y. If .silver salt is added to potassinmiodide solution, 
a silver iodide sol is obfaincil, which is stable so long as there 
is an e.vccss of potassium iodide ; hut so soon as Ag' ami I' 
are c.vaetly cipiivaleiit, the sol is unstable and is jirccipi- 
tated. These sols aic negative. Starling in the reverse 
order, the sol is stable so long as there is excess of silver 
nitrate, and is precipitated when there is none. These sols 
aj'<! positive. 

Wo are thus leal to conclude that the stability of sols 
is connected with the presence in the .sol of small quantities 
of other subslaiice.s, tisually substances related to or derived 
from the colloid itself. 

For one class of sols this seems iinprobable: the metal 
sobs, especially the sols of noble metals, as gold and 
platinum, and mo.st particularly when prepared by Brodig’s 
method. The gold sols formed by reduction of auric 
chloride contain GT, for after precipitation Cl' is formed 
in the liquid.^ Hut in Ib'cclig’s ami Svedhorg’s electrical 
dispersion methods (p. 217) ttie sols are formed at very 
high temperatures in the presence of air. It is by no 
means impossible for traf'es of o.xides or hydroxides to bo 

’ Zeitsch. anorg. Chem., 11X)3, 36, 16; Zcitsch. Elektioclmm., 1904, 
10, 509. 

* Henri and Jlayer, Compt. Bend., 1904, 139, 924. 

' • J. pr. Chem., 1905, 72, 39; 1900, 73, 374. 

•‘Steubing, Ann. Fhysik., 1908,•[iv } 28, 835. 
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formed under these conditions. Tlie base ifletals when 
treated in this way give sols wliidli, in a])pearanoe and 
•orieral behavioiii', are like Iiydroxiclo sols,' ‘liven if air 
is c-xcliided, the dispersion iiiciliuiii is iiiidcrgoing chemical 
docomposiiioii, owing to tlio high teiiiperaliirc, and so the 
possibility of the foniialion ^f coiiijiomids is incrcafod. 
The instability of Kohlsohiitter’s silver sol, when freed as 
far as possibi'o from silver hydroxide, has already been 
refened to (p. 107). 

TIIK AcTIO.V of liLECTIiOI.YTE.S ON HMUI.SOn).3 

The (lilfeninccs between sus; r'lisoids and einiilsnids in 
their hehaviour towards electrolytes are wry inaiked. 
oven more so than their electrical lichaviour would lead 
us -to anticipate. They are not merely dillbrences hetween 
liquid and solid dispcr.se pha.ses, for ferric hydroxide .sol, 
which is prohahly liquid, does not differ in this respect 
from other sols which are unilonhtedly solid. As h.as been 
pointed out (p. 19), emuhsoids .are not only liquids, hut par¬ 
take more of tlie nature of solutions, part at lea^t of the col¬ 
loid prohahly being in solution. Wlicilmr this is the reason 
or not, the behaviour of emulsoids towards electrolytes is 
so dh ei'so and so complc.x, that classification and compre¬ 
hensive survey are (for the present) out of the ipicstion. 

Although emulsoids generally are miudi less sensitive 
to electrolyte.s, the dilforcuco is mainly quantitative, for 
the dispersity of an oil emulsion is doercased hy even 
small amounts of potassium chloride. Th(! effect of 
multivalent ions is still more eifcily ohsorved; and, as 
Mines* found, trivalent ions, c.y. La’", ]>rcci]iitate egg 
white at a concentiatiou of I'G m. mol. per hire, although 

' Burton, Phi. Mng., lOOG, [vi.] 11, 

» KoU. Ohm. BcikcJtCitVm, 3, m. 
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univalent ions have no apparent effect. The correspond¬ 
ing concentration of 'La"‘ for the suspensoid arsSnions 
sulpliide is about 0 05 tn.mol, or 0 09 jn.inol. for Al"‘ 
(p. 101). If the Valencyo Rule is borne in mind, the 
relative insensibility to univalent ions is intelligible. 

That there are other fa'etors be.side valency, is con¬ 
firmed by another interesting observation of Mines. 
While suspensoids are affected eipially by complex 
trivalent katien.s, as the cobaltaim'nino, CofNlbOc”', and 
simple ions as AT" or I,a'”, egg white is not precipitated 
by the former, even at 20 m mol. per litre. Tlic chief 
differences between tliem are in mobility, and density of 
electric charge owing to the large surface, the ratio of the 
latter being estimated as 0'2G to l'o7. 

All that e.rn profitably be attempted is to present the 
more general features in a few of the most important and 
best-known cases. Even the chiSisilieatioii of precipita¬ 
tion as revei'.sible and irreversible is not jnstiliable, as 
reversibility is mainly a matter of lime. It is rather 
unfortunate, too, tliat so much of the work lias been done 
on the natural eiuulsoids, as wliite of egg, serum alhiimin, 
gelatine, freipieutly without any assurance as to the 
purity or even uniformity of tho material. This circum¬ 
stance makes the comparison of results a doubtful matter, 
and has surely retarded progress. 

Tho oil emulsions of Ilalschek (p. 85) are not par¬ 
ticularly sensitive to electrolytes. Thus, tlie dispersity of 
a 1 in 5000 emulsion of light polrolouiii, whose dispersity 
is about 4 X 10‘® cm. was not changed by sodium chloride, 
but 155 ra.mol of sodi&m siilpliate per litre produced a 
clearing up. 19 m.mol of hydrocliloric acid per litre had 
barely any effect on the sol, but a markcil effect was pro¬ 
duced at a concentration of 23 m.mol per litre. The 
particles became larger and tho original reddish coloured 
emulsion witli a bluish opalescence became white. 
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PRECIPITATION 
I. Albumiik 

The Action of Electrolytes on Albumin.-^If we leave 
out of account acids and alkjlie.s, salts may lie grouped 
into three classes, according Ui their action on albumin 
sols. Tlie first group prodinfts precipitate.s, even wlipn in 
small conccutration; it comprises salts of the heavy 
metals. Tlec other two groups only cause precipitation 
at really considerable concentrations; in the one group, 
the precipitation is reversible, while in the other it 
is not. The second group comprises the alkali salts; 
K, Na, NII 4 , Li, and Mg ; while the third group contains 
the alkaline earth salts. The Jilieronce is one of time, 
for in the former the prccipitaliim hecomes irrovei'sihlo 
after a lime, and in the latter it is reversihle at first, but 
very rapidly ceases to ho so. 

Much of the work has been done on imrified “ natural ” 
egg-white; (‘gg-wliite is beaten up to a still' froth, poured 
into a tall narrow cylinder, and the clear liquid which 
collects at the bottom is separated and diluted with water. 
This not only contains a mi.vture of albumins, but is not 
electrolyte-free; it is in fact alkaline. From the electrical 
differences between neutral and acid or alkaline albumin, 
it is not surprising that this preparation docs not exhibit 
the same behaviour as pure albumin. It is necessary to 
bear in mind the possibility of these differences; only 
pure neutral albumin is suitable for experimental work. 
The three principal constituents of egg-white, egg-albu¬ 
min, ovomucoid, arid a globulin, differ widely in many 
respects, and yet are not verj^ readily separated from 
each other. Pure crystallised albumin is prepared by 
Hofmeister’s method, or by modifications of it. The 
properties of serum albumin, again, differ considerably, 
from those of cgg-albnmin. 
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BeTersiWe Precipitation, Salting Out.—When a satu¬ 
rated solution of ammhnium sulphate is added, little by 
little, to albr.iniu sol, no precipitate forms until an equal 
volume of the salt soluti(m has been added* but precipi¬ 
tation is not complete until a further amount is added. 
To 1)0 more exact, precipitation commences when 10 c.c. 
of the mixture contain C’2 c.c. of satiiDito 1 ammonium 
suipliate solution, and is complete wlien 10 c.c. of tho 
mixture contain G'S c.o. of the saturated .solution. These 
limits are pretty close to;;etlier, much more so than for 
many allied substances; the total amount required also 
diders from sub.stancc to substance. The iigiires for egg 
globulin are 2'9 and 4'6 ; tliis indicates a method of 
separation wliieli is made use of 

If water is iidded, the prcciidtiite dissolves, and will 
reappear on addition of .siillicient ammonium sulphate 
solution. Ilormeislcr utilised tills in the preparation of 
pure albumin.* Tlie usual method is a modification which 
gives a larger yield, and is altogether more oonveiiienf:. It 
is as follows ; Mix equal volumes of egg-white and satu¬ 
rated solution of ammonium sulphate. Beat to a stiff 
froth, and let it stand overnight, l^ilter olV the precipi¬ 
tate of globulin and mucoid, and add gradually to the 
clear filtrate, with gentle stirring, a 1C per cent, solution of 
acetic acid, until a slight permanent precipitate is formed. 
This mixture should he just acid to litmus. Then add 
1 c.c. of the 10 per cent, acid for each 100 c.o.; a bulky 
precipitate is formed, which becomes crystalline in five 
hours. Allow to stand till next day, to obtain the full 
yield (60 g. per litre). *’To purify: filter, wa.5h the pre¬ 
cipitate three times with h.alf-satnrated ammonium 

‘ Hofmeistor, Zcitsch. iihysiol. Chem., 1689,14,163; 1891,16,187. 
•Hopkins, J, Physiol., 1898, 23 , 130; 1900, 25 , 300. Schulz, Zeitioh, 
fhfsiol. CMm., 1899, 29 , 66, 
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sulphate solution containing 01 per cent. o*f acetic acid. 
Dissolve the crystals in the minimum of water, and add 
’saturated solution of ammonium sulphate until a pre- 
cii)itato is formed; then add 2 c.c. more to each litre. 
The albumin recrystallises in 21 hours. Repeat this 
treatment as often as necess’ary. Schulz and Z.signfondy 
have .shown that 3 to 0 jeerystalli.satious are ncce.ssary to 
remove aU’the colloid impurities. Tinally, the crystals 
are dissolved in pure water, and dialysed to remove the 
ammonium .salts (p. 2fi). 

Tills method has been given at length, because it may 
be of use, but mainly because it lias been applied by 
von Woimarn, witli suitable mouilication, to obtain in a 
crystalline state substances wliicli are usually regarded as 
ainoridious (p. 121). 

Tills precipitation differs from tliat of suspeiisoids in 
the large picei|iitatiiJU-coneeiiti'atioii, in reversiliility, and 
also in the absence of a valency elhct, either of kation or 
anion. Tlic following lignrcs' for piirilied native albumin 
show this. 


Concoidtrfiiion 


Salt. 

jnols por litre. 

Sodium citrate 

. . 0'5(i 

„ tartrate 

. . 0-78 

„ sulphate 

• . 0-80 

„ acetate 

. . l-ti!) 

„ chloride 

. . .3"(12 

„ nitrate 

. . 5-42 

„ chlorate 

. . 5-52 


Salt. 

Conociitraiion 
nicls per litre. 

Sulphate T.i . 

. . 0-78 

K . 

. . 0-79 

Na . 

. . 0'80 

Nil4 

. . 1-00 

Mg . 

. . 1'32 


Sodium iodide and tliiooyanate iiroduce no precipitate. 
Pauli"* oonoludes from his extensive results that 


* Ilofmoistor, Arch. nper. path, pharm., 1888, 24, 247, 

• Beitr. dim. physiol, path,* 1903, 3, 225. 
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k;ition and' anion effects are independent, the former 
favonriug precipitation^ while the latter hinder it. 

The order of anions arranged according to their pro-" 
cipitating power is thus—^ 

citrate > tartrate > SO 4 > Cl > NtC > CIO, 

> r> CNti 

and of kalions— • 

Li R> Na> i\ir,> Mg 

We shall come acros.s this order of ions again. The order 
for salts of alkaline earths * is— 

katioms: I’a > Ca 

anions: C 2 l !;,02 < Cl < NO 3 < l!r < 1 < CNS 

This is tlie revci.se of llie oidcr of anions in the alkali 
.salts. It is noteworthy that addition of lariuni chloride 
produces tin acid reaction in a ncntial alhiiniin sol. 

If an albtiinin, to which a tnaco of acid has heen .added, 
is used imstead of neutral or natural allniiniu, the anion 
order is reversed; and if much acid is added, the precipita¬ 
tion is irreversible. AVith O'Odn IICI, the order ia— 

kalions; Na > K > Nir 4 > Mg 
anions: SOj < NO 3 < l!r < CNS 

This difference of acid anil alkaline albumin sols is 
undoubtedly connected with the change in sign of the 
electric charge on albumin in acid and alkaline liquids. 

Irreversible Coagulation of Albumin.—The line of 
demarcation between reVcrsible .and irreversible coagula¬ 
tion is so indotinito tliiit already some irreversible 
co.ignlalions liave been considered. 

‘ Pauli, ■Beitr. chem. physiol palh., 1004, S, 27; Posteruak, 
Institut Pasteur, 1901 , U, 85 . 
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Coagulation by Heat.—When aqueous ftHiumin sols 
aro hcatocl, coagulation takes pfaco at some definite 
’temporaturo, wliicli is fairly constant for each kind of 
allminin. The nature of the oliango is unknown, but 
is apparently chemical, for natural albumins become more 
alkaline, and acid albumins'become neutral or less^aoid. 
The two chief factors arc the reaction of the sol, and Ibo 
kind and amount of salt present. 

Comidcte coagulation only occurs if the sol is faintly 
acid. If the sol is too acid, or is not acid at all, more or 
less albumin remains in the sol. Piirtber, a dialysed salt- 
free egg albumin is not coagulated by heat. This was 
liist noticed by Aroiisteiii,' .and has been frequently con¬ 
firmed. It is, nevertheless, not qnito accurate, for co¬ 
agulation docs occur, when the beating is continued for a 
sulliciciit lime; it occurs at a constant temperature, too, 
which is close to the onliiiary coagulation temperature. 
Serum albumin, if free from salts, is completely coagulated 
by be.at; and the presence of traces of acid or alkali com¬ 
pletely prevents coagulation. 

The effect of salts on beat-ooagulalion has been closely 
studied by Pauli and others, both with natural albumin, 
and with pure dialysed albuniin. The results with the 
former aro very complicated, and will not bo icferred to. 
The following fguies show lire inlluciice of salts; they 
wore obtained with pure dialysed scrum-albuiniu, the 
coagulation temperature of u bicb was (iO d". The table 
gives the coagulation temperatures of the albumin for the 
given concentrations of salts. 


‘ rjiuijci’s Aichiv., 1874, 8, 75. 
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Coagulation TKarunATUi:!!. 


Equiv. coiiccDtration. 


Salt. 

• 001 

002 

00.'! 

o-o-i 

006 

NaCl . . 

. C:!-2“ 


CG'4'’ 

07-2° 

C7 9” 

NaoSf)^ . 

. 00-7“ 

G8-0° 

08-5° 

C!)-l° 

6i)-7° 

NaA . , 

. CAO'’ 

G9-2'^- 

70-G° 


72-1° 

NaCiJS . 

. 08-0° 

6!)-7° 

70'G° 

71-G° 

72-5° 


Tlicse fifjnrcs corresponil to tlie adsorption curve 
(p, 255); in agreement with it, small concentrations pro¬ 
duce it'lalively larger effects than do larger concentrations. 
In every case the coagulation temperature is raised; it 
slowly rises up to concentrations of l-2n, iu some 
cases to a constant value at 2-5n, ry. alkali chlorides, 
bromides, nitrates. In another group (fluoride, sulphate, 
acetate, citrate) a maximum temperature is reached, after 
which it begins to fall, and may even he below that of 
the pure albumin. With iodide and thiocyanate the 
temperature rapidly ri.«es after l-2n, and at 2-8n no 
coagulation occurs even on boiling. 

Here, again, we find the same lyotrope sequence of 
anions. Tb ere appears to be a connection between this 
effect of salts on heat coagulation, and the effect on 
viscosity (p. 23). 

Acid and Alkaline Albumin.—As amphoteric substances, 
albumins unite with acids and bases, and become posi¬ 
tive and negative sols. Consequently, they differ very 
much from neutral albumin; some of these differences 
have already been stated. One further instance will 
suffice. A trace of acid or of alkali completely prevents 
the heat-coagulation of serum-alhumin, hut the acid sol 
is completely coagulated by a trace of a salt, cy. sodium 
chloride, and the alkaline sol is partially coagulated by 
salts, especially by traces of calcium. 

Precipitation by Salts of Heavy Metals.—Here the effect 
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is wholly cltio to the kation, and prcci'iiitatioii takes place 
at Very small concentrations. Tn^ll cases the precipita- 
*tion is irri!vcrsihle, except mider certain special cirenrn- 
stanccs. The precipitate alwikys contains the precipitating 
kation. Three types of reaction occur. 

I. Silver salts prooipitalk) at all concentrations,from 
OTn, to Cn; iho precipitate does not dissolve in excess of 
silver solution, but some remains in solution so long as 
excess of albumin is still present. 

If. Cojiijcr salt solutions from O'OOln to In give a 
precipitate; above In no precipitate Ls I'omied. A 
secondary precipitate is formed with a GnCii'' solution. 

III. Zinc .salts fiom 0 OOlu to 0'5n give a precipitate ; 
from 0'5n to 4n no piecipitato; and beyond 4n a pre¬ 
cipitate is formed. 

This is for a 1 : 10 egg-albumin. If the sol contains 
more albumin, the region of non-]irecipitation is reduced. 
The bebavioiir of zinc sulphate is illu.strated in Fig. 7. 

In all these oa.scs the precipitates contain metal as 
well as albumin, and have been regarded as cliemical 
compounds. If so, tbeir composition is remarkably 
variable, c.y. the copper alhumiu precipitates contain 
anything from 1'4 to 20 per cent, of CuO; the same 
applies to the others. A few e.xamiiles arc given, the 
iigures give the porcontago of metal in the egg-albumin 
metal precipitate. 

(1) Ag 2-17, 3-3, 3-9, 4-3, ASH, 0-2C. 

(2) Cu 0-7-2'2, 1-2, 1-2-1-35, 1-3.3-2-C5, 2-2t-2-65, 

3'55, 3'95. 

(3) Zn 0’9-3-7. 

In conclusion, the precipitation of albumin by heavy 
metals boars a strong resemblance to the mutual precipita¬ 
tion of sols, and to the precipitating and stabilising action 
of multivalent ions (p. 139>.‘ 
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Coagulation by other means,—Many organic substances, 
e.g. alcohol, phenol, lormaldchyde, tannin, coagulate 
alhuinin irreversibly. Alcohol does not coagiil.ato pure 
salt-free albumin, hut doe.s. so if a trace of salt i.s added. 
This follows the s.ame regularities as hoat-coaguhuion. 
Ui'ea. and many other indifferent organic substances 
hinder the coagulation by alcohol. 

There are also many colouring matters, either basic or 



/, 2 ,7. = Inereaxin/! Conccntt'alions 
of Alburniji. 

Pro. 7. 

acid, which coiigulato albumins. These reactions are of 
great importance in the staining of tissues; the meoli- 
anism is piobably the pivci|iitation of negative albumin 
sol by the pjo.sitivo sol (or by the kation) of the basic 
^yes, and conversely of the positive albumin sol by 
the negative sol (or by the anion) of the acid dyes 
(•ECO below). 

Albumins can be separatotl from the sol by mechanical 
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means:' slialdug, bubbling air or a gas tlirbugb it, etc. 
Riimsilen also noticed that all alSmnins form in time a 
'solid or a very viscous skin at a still surface. This is a 
general oocdrrence with substunocs which greatly lower 
the surface tension of the liquid, and so can pass into the 
surface layer (see Adsorption^. Thi.s phenomenon is.well 
shown by some dye.s (fuchsin, methyl violet). A similar 
coagulation 'occurs at the interface hetween aqueous 
alhumin and organic liquids insoluhle in water (toluene, 
chloroform), ospeeially when the intei face is enlarged by 
shaking the li(iuid.s together. The action is the same as 
in air, aeoumulatiou of c<dtoid in the surface layer until 
solidification occurs (p. 202). The skins are insoluble in 
water (the denaturising process appears to be spontaneous, 
and therefore irreversible). 

II. Gelatine 

While the main interest of the albumins centres in 
precipitation and co.igulation, in gelatine and similar 
colloids, it is only of secondary interest, the chief problem 
being that of the reversiljlo change—sol to gel, to which 
])rocesses the terms solation and gelation are applied (see 
Introduction, p. 10). This process is entirely different 
from coagulation, as will appear immediately. 

The properties of gelatine vary mucli with the presence 
of impurities. Jiy adopting the principle of llofmeister’s 
original method of crystallising alhnmin, von Weimarn ^ 
lias succeeded in crystallising gelatine and agar. A very 
dilute, quite clear gclatiuo solution in aqueous alcohol is 
maintained at G0°-70° iu a desiccator. The water is 
slowly abstracted by, c.g., dry potassium carbonate, which 

' Rainsdon, Prtjc. Uoy. Soc.,VXl3,^2,15G; Zeituch.phi/ttilal. Chejtur 
1904, 47, 336. 

* Grundsuge d. Dispersoid Chemie, 1911, p, 106, 
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does not takfe up alcoliol vapour. The solubility slowly 
decreases as the couceitralion of tlio alcohol incrciusos, 
At last tlie gelatine conimeuces to cry.stallise out. (S'eo 
also p. 114.) • 

A furtlier difficulty i.s that gelatine is not very stable, 
at least in jn-cscnco of watc* and especially if lii'ated. 
This is sbowii by the change in viscosity which a gelatine 
sol niuIergoc.s when kept at constant teuipcrature.* 

Vucosilij of 2 jio- cent. Gelatine at 100°. 

Q'lmi’ (Lours). rj 

0 2-29 

2 l-O.S 

4 ] .O.S 

0 147 

10 l-.IO 

11 l-.'i'J 

After 30 hours’ In-ating, gelation no longer occurs (change 
to j3 gelatine), liltraiuicroscopic investigations arc in ac¬ 
cord with this. A sol prepared at 00° contaius submicrons, 
but after prolonged heating at 100°, only amicrons. 

Gelatino is not amphoteric, like albumin, but is 
essentially acid;^ notwithstanding this, it ajipears to he 
primarily a positive .sol. It has also been shown ” that 
gel.'itine undoigoes a reversible transfortnatiou with 
temperature, a.s revealed by the tuuta-rolation of the 
solutions. The specific rotatory power of a sol is 
practically constant from 30° to 80’, hut when the sol is 
cooled to 10°-15°, the latvo-rotation gradually increases 
to a constant value; the<change being reversible if long 
heating to high temperatures is avoided (see p. 124). 
Reversible Sol-Gel Transformation.—If a moderately 

‘ Lovites, Kail. Zeilselt., 100.S, 2, 210. 

* Hofmoister, iter., 1878, 2, 200. 

• Truukcl, ISiochem. Ziilsch., 1010, 26, 493. 
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strong sol of gelatinn in water is made at higli ttinperatiircs, 
on cooling it sets to a jelly, vvliiclils reconverted into the 
•sol on warming. This eliangc does not lalro place at a 
definite temperatnre (like a m»lling-point), for the process 
is a coiitiunons one, as is sliown liy tlic cooling curve, 
or the temperature-viscosity* curve. I'airly coinpaiable 
results can bo oblaincil by selecting some arbitrary 
standard of elasticity or of viscosity. Such a device was 



that adopted by Pauli,* who observed the temper,iture at 
which the llierniomeler was just held firmly by f,he gel; 
or by J.evittss,^ who measured the times whieb elapsed 
before the viscosity became so great that the sol no longer 
ran out of the iuverted vessel. 

In tlie study of gelatiou, citl^or the temperature or the 
time of gelation may be determined ; the latter is prefer¬ 
able. Sclirdder® measured the power of setting by the 

r Arch, gesam. Phyaiol., 1898, 71,1. 

* J. Buss. Phys. Ch&n. Soc., 1902, 84,110. 

■ Zeitsch, physihal. Ch«n., 1903, 46, 75. 
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cliango in vilcosity of tlio sol with tiriio (dijltJl). What- 
OYcr method is adoptetf, it is essential that the previous 
troatincnt of the sol he niiifonn, as gelatine exhihits’ 
“ liystercsis ” in a marked'degree, more especially after 
long licating. One cause of tliis is given above. 

As just stated ([). 122) gelatine solutions exhibit 
inuta-rotation, due to a revei'Sil)le tempei’atiiie traus- 
loniiation, and much of the uncertainty regarding the 
bcliavioiir of gelatine is owing to neglect of this fact. 
In a recent investigation, the following important con¬ 
clusions have been e.stablishcd.* Tliere are two forms 
of gelatine—a .sol form A, stable above bib'-o.}', with 

[“]ii = —141“; and a gel form 1!, stable below 15“, with 
= -312°; while between these temperatures 
there are eiinilibrium mixtures of A and 11, the muta- 
rotatiou being duo to the transformation. The increase 
in he.vo-rotation, i.c. the eliange A-^ II, is closely parallel 
with the increase of viscosity. Ahore 3.')° gelation does 
not occur at any concentration; whihi the minimnm 
001 eentration of gelatino in the form of 11 wliicli will 
gelate at 0“ is fo,-;nd to he O'.oo g. in lOU e.u. Jf the 
concentration is increased, there is a maximum tempera¬ 
ture for each concentration, above and below which sol 
and gel res|)cctiv'ciy tire stable for indefinite times; these 
are the true melting point.s, whereas the melting points 
of gels as usually determined are the temperainies at 
which the gels melt within an arbitrary interval of time, 
and are not the same as the setting temperatures, nor are 
they identical with ihe above maximum temperatures. 

As the concentration increases, the maximum gelation 
temperiiture or melting point approaches 33°-35“, and 
■«hove 33° no gel is formed at all. These conclusions are 
' Smith, C. R., Joan Avier, CJicm. Soc., 1919, 41, 135. 
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in close asreomcnt with the same author's eicfieriincnts on 
precipitation of "clatino witli alchliol, as also with the 
.avfiihihlo data regaidin;; the osmotic pressure,an(l viscosity 
of gelatine. .Tlie time for hallitransformation is inversely 
proportional to the concentration, indicating that tlio 
reaction is of the second outer, i-e. two molecules of A 
unite to form, one molecule of B. 

The tcmperatnrc is also affected hy salts and hy organic 
suhstance.s. Some salts raise the gelation Icniperature, 
others lower it. The order is as follows: — 

jlaise . . SO 4 > (ti > T > A (Ifjf)) 

Lower . . Cl < CIC*.) < A’Oj < Br < I 

The kation effeol is veiy small, tlie order seems to he—- 

Na > K > NTl^ > Ng 

Glucoso and glycerol raise it, while alcohol and urea 
lower it. The same lyotro|ic order was found in J.evitos’ 
investigation on the time of gelation, and by Schroder for 
the efleet of salts on dyj'dt (Fig. 8 ). The ell'ect of salts 
increases slowly at hist with inoreasing conoentiation, and 
tlien more rapidly. The curves are somevihat inognlar. 
Schroder foiiiid that if Arj/Ai at 25° was > O'OOftn, the sol 
would form a gel within 24 hours, hut if it was < l)’0075, 
it would remain lignid (Atj is the diHerciiees in viscosity 
at 25° at the limes fi and 

As the effect of salts on gelation is additive, many 
mi.xlures of salts will leave the gelation temperature 
uncliangcd. 

Salting Out, and Precipitation of Gelatine by Salts. — 
Thi.s process is totally difl'ercnt from gelation. In the first 
place it is irreversible; further, it is produced by salts which 
favour gelation and hy tho.so which retard it. Organic 
substances influence gelation, but do not precipitate (certaij^ 
e.'tceptional substances, c.y. .tannin excluded). It only 
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occurs at )i;gh concentrations of salts, in this respect 
rescmhling the salling'out of alhumins, e.p, precipitation 
is produced ly 4iiK01 (which lowers the gelation tempera¬ 
ture about 13°), and also iiy 0 ' 7 r)nNa 2 SOj (which raises 
the gelation temperature about 3°), 

The order of anions, whieV. alone have any considcrahlo 
effect, is again lyotrope— 

>S 04 > Citrate > Tartrate > Acetate > Cl 

The action is not additive,' and the effect of mixtures 
is very coiiiplieati'd. 

Effect of Electrolytes on the Osmotic Pressure.—Pure 

gelatine sols have a fairly high osmotic pressure (for 1'25 
per ceut sol it is 6'2 mm. mercury), and this is not altered 
liy non-ehelrolytes; hut neutral salts lower it markedly." 
The order is again lyotrope — 

CI(0ol4) > S(tjfOTf) > i\O3(0'47) > Ih(0'53) > 1(0-57) 
>C.\h;tO 00) 

Tlio niimhers are fractions of the osmotic pressure of the 
pure .sol. 

Loth acids and alkalies greatly increase the osmotic 
pressure of gelatine, from 8 mm. to 3!) mm. in 0-0024n 
IICI, and to 25 mm. in 0-002 In IvOlL 

Agar and other similar snhslauces show tho same 
cliaract(!ristios as gelatine; in particular tho effect of salts 
on gelation is very similar, the order being lyotrope. 

In a series of researches Loeh and his co-workers 
have re-investigated theuffect of electrolytes on c'oitain 
properties of gelatine, as precipitation by alcoliol, viscosity, 
osmotic pressure, gelation, and imbihilion. According to 

■ Pauti, Arcliiv. gesam. Physiol, 1898, 71, 336, 

* Ijiliie, Amer. J. rhys.ol, l‘.U7. 20, 127, 
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tlieir results,* tlio lyotrope effect is aioL obscuvod in these 
properties, but as the ooiiditions <11 their investigations 
•wore apparently ipiile dilfereiit, it is not surprisiiig if the 
conclusions iire not the same. , 


III. Silicic Acid 

Tliis, tile earliest artilieial einiilsoid, was discovered hy 
Kuhn* ill IS.'id. (inihaiii prepared it hy dialysis, and 
noticed that its stability iiiereased the loiioer it was 
dialysed. Tlie pure .sol is .slightly acid (100 g. reiiiiiro 
laS5 g. KOII fur neutralisatiuii 1 , .and is not so stable as 
a neutral sol, but its stability is iiie.rea.sed by small 
quantities of hydrochloric acid. Kiilin’s sol .and (irahain’s 
sol behaved quite dill'ercutly to reagents; the former w.as 
irreversibly preciiiitated hy sulphuric acid, or by freezing, 
the latter was not precipitated by acids or neutral salts, but 
by carbonates. These dilfcrent results are characteristic 
of emnlsoids. 

Four iiiaiii facts, however, stand out: the sol is un¬ 
stable; gelation is irreversible; the stability is affected 
hy .acids and alkalies (as is also the sign of tlio charge on 
tiio colloid); the niaximiim of stability occurs at tho iso¬ 
electric point, with a small IT concciilratioii. 

Gelation is irreversible; all the investigations agree 
on this (e.xoept Kuhn’s method of preparation). The 
change takes place spontaneously, as the viscosity steadily 
increases with time until the gel is formed ^ It is accele¬ 
rated by rise of temperature, *id hy electrolytes. The 
temperature effect is not very large, c.y. boiling does not 

' Locb, Jour. Biol. Chm., 1918, 33, 5.31 ; 31, 77, 305, 489 ; 35, 497. 

’ J. i)r. Ohem., 18,53, [i.] 69,1. 

> Garrett, Dtsserlalm, Hoidolborg, 1903, p, 51, 
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necessarily .cause gelation. The effect of cooling is un¬ 
certain, some, as Kulint.an(l Ljubawiu,* .state tliat complete 
gelation occurs on freezing tlie .sol, wliile otliers, as Mylius 
and Gro.scliu(l',2 did not iipd gelation to occur on cooling 
a sol to —23°. 



Effect of Electrolytes.—Tlie action of acids and alkalies 
is the most important factor, llilliter^ found kataphoresis 
to the anode in alkaline and feebly acid solutions; in 
these it is a negative sol, wliile at greater IF concentra¬ 
tions it travels to the kathode, and is thus positive. The 
sol is therefore at its isoelectric point in feebly acid solu¬ 
tion. Now Flemming,'*‘who made a close study of the 

' J. r.uss. rhys. Chm. Soc., 1889, 21, 397. 

» Her., 190C, 89,116. 

* Zeitsch. pJiystkal. Chem., 1905, 61, 150. 

♦ Jbtd., 1902, 41, 443. 
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effect of H' and OH' on the rate^of gelation, found the 
maximum velocity at small OH' concentration, and the 
fiiinimum at small H' concentration. With "greater OH' 
concentratiort the velocity decreased, and it increased with 
greater H’ concentration (Fig. i)). Wo have thus a sol 
which, unlike the su.spensoidi, is most stable at its'iso¬ 
electric point.’ In this respect it resembles egg-albumin. 

According to Hardy’s results,^ the behaviour of silicic 
acid sols to neutral .salts is very similar to that of negative 
suspensoids. This is probably true for alkaline sols, which 
are strongly negative. Thus, for instance, the pure .sol 
(feebly negative) is not seusiti\ c to kations, K', IP, NH 4 ', 
Ba", etc., but becomes so on audition of ammonia, which 
incrciises tlu; negative ch.arge. It is then at once precipi¬ 
tated by bai’iiim chloride (this gel at ou' c dissolves when 
excess of hydrochloric acid is added). Pnppada,^ on the 
other hand, found that neutral salts only act at great con- 
oentration.s, and accelerate gelation in accordance with the 
lyotrope series: 

Sn,>Cl>N()3: 

(d > l.'b > K > Na > Li 

Stannic acid, titanic acid, tungstic iicid, molybdic acid, 
ind also starch sols are more or less hkc silicic acid sols 
n their general behaviour. 

* Zcilkdt. pJiysiIcal, Clicm., 1900 , 38, 391 . 

* Ouzz. clam, lial, 1903, 33, [li.] 272; 1905, 35, [).] 73. 
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CHAPTER X 


PItOTKCTION AND MUTUAL PHECIPITATION 

Protection of Sols 

Faraday, who prepared f;oId sols hy reduction of auric 
chloride with jihosphorus (p. 183), discovered that tliey 
were more stable when “jelly” (no doubt gelatine) was 
added to tlieinl The gold chloride was evaporated to 
dryness with the jelly ; the resulting red-coloured jelly 
did not change colour with salt, as the “ruby fluids” did. 

Purple of Cas.sius, too, which has long been known, is 
auotlier example of increased stability of a colloid in the 
presence of another. Many other instances could be 
given in which use was made of this “ protective ” action, 
without any precise knowledge of its nature. Tlie pro¬ 
tection of less stable sols by organic sols (of suspensoids 
by emulsoids) was lirst deiinitoly recognised by E. von 
Meyer and Lottonnoser.^ Tiiey olisorved that albumin 
prevented the precii>itation of silve.r sol by salts. The 
latter subsequently reached the conclusion * that “ on 
addition of very stalde colloids, as albumin, gelatine, agar, 
or gum arable, to a silver sol, no precipitation is caused by 
electrolytes until this stable colloid is gelatinised. The 
less stable silver sol if thus ‘protected’ against the 
electrolyte by the more stable colloid; it becomes more 
like the latter in its behaviour.” 

Zsigmondy then investigated the action quantitatively 

' Plal Trans., 1857, 164. ' J. pr. Chem., 1897, [11.] 66, 241. 

* Atwg. Kolloidey 1901, p. 50. 
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by means of bis gold sol (p. 189^, wliicli is itself very 
stable, and is also very sensitive to salts. The degree of 
■protection is expressed by the “ gold numbei,” * which is 
the weight (in mg.) of colloid ivliicli just fails to prevent 
the oh.ange from red to violet in 10 c.c. of a gold sol 
(0'0053-0'0058 per cent.), \Jhcn 1 c.c. of 10 per sent, 
solution of sodium chlori<le is added to it. The reciprocal 
of this numlier would be a more convenient expression 
of the protecting power. The following are taken from 
Zsigmondy's rahle: — 


ColloM. 

Golatinn . . . 
IsingliiKs . 

Caaeiii (in Nil ,) 
Egg-albuiniii . 
Gum araluu . 
Gum tragacaiil.il 
Dextrin . . . 
Starch, wheat . 

„ potato . 
Sodium stoaratf 
„ oleato . 
Stiinnifi acid (old) 
Urea .... 
Cano sugar . , 


OoM niinibi'r. 

0 00.')-0 01 
nOI 0 02 
0 01 

O-lf) 0-2^. 

<)-ir)-n-20; o-fi 4 
cn. 2 

0 - 12 ; 10 20 
ca. 4-5 
ca. 25 

10 (at C0“); 0 01 (at 100®) 
()-4-l 


The gold niimhcr is a useful means of characterising 
substances, especially in cases which present difficulties to 
ordinary analytical methods. Thus 1 per ceut. of gelatine 
will reduce the gohi number of doxtriii from 10 to ksa 
than 1. It lias already proved u.seful in the fractionation 
of albumiu.^ 


Preparation. 
White of egg (freshj 
Alliumin (Merck) , 
Globulin . . . , 
Ovomucoid . . 
Albumin (oryst.) 
Alkali albumin . 


riold number. 
0-08 
O-l-O’.'! 
0-02-0i)5 
0'04-U'08 
2-8 

0-006-0-04 


' Zeitsch. ami. Chem., 1002, 40, 697. 

’ Sohulz and Zsigmondy, Beitr. chem. physiol, path., 1902, 3, 1^7. 
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If alkali is added to any of them, the differences disappear; 
all the alkali albumins liave the same low gold number, 

Tliis protection is not coiiliiiod to metal sols, nor is ' 
it exerted by organic colloids alone. The sulphide sols— 
arsenious sulphide, cadmium sulphide, etc.—are protected 
in the same manner,> though .'o different extents ; further, 
the order of efficiency of the protecting colloid differs from 
sol to S(jL Gold sol and silver sol have Lien prepared 
with silicic acid® as protective colloid, and zirconium 
hydroxide® sol exceeds even gelatine in its jirotectinn of 
gold sol. Another well-known example is that of ferric 
hydroxide sol; a basic ferric chloride solution when 
dialysed gives no visible precipitate with silver nitrate 
even when a considerable quantity of chloride is still 
present, as can easily be shown in other ways, 

Paal’s protalbic acid and lysalbic acid® (products of 
the action of alkali on albumin) are extremely active 
protectors. They have been used in the preparation of 
a largo number of stable sols—comprising metals, metallic 
oxides and hydroxides, and salts—containing high per¬ 
centages of colloid (see Preparations). These sols may ho 
evaporated to dryness, and even after years will dissolve 
readily in water containing a little alkali. 

We may thus say that a suspensoid sol, when mixed in 
suitable proportion with an emulsoid sol, loses most of its 
characteristic properties, and gains those of the protecting 
emulsoid. Bechholdsuggested that the protection is the 
result of adsorption. A thin layer of the emulsoid is 
adsorbed at the interface, and thus confers its stability on 
the adsorbing particle. Thus only substances which are 
readily adsorbed (i.e. which lower the surface tension of 

* Mtillor and Artmann, daUrr. chem. 1904, 7, 149 
Kiisport, Ber., 1902,85,2815,4060. ’ Biltz, ibid., 4431. ‘ Ibid., 2195. 

* Bechhold, Zeitseh. phystjeal, Chem., 1904, 48, 386, 
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the (lis[)ersioii medium) cun act in tliis way. The objection 
that the amount of the yery active colloids is too small 
* to cover the particles is only an apparent one, for the 
concontratiBii of most of the sols protected is very small; 
e.g. in the Zsigmondy test, the amount of gold is 0'5 mg. 
and of gelatine required foij protection is 0'005-0'(U mg. 
The difference is still less if account is taken of the 
difference in density of gold and gelatine. According to 
Zsigmondy the coating of gelatine is invisible in the 
ultramicroscopo, and there is no apjwrent diminution of 
the BroA'nian movement. 

If the action is due to adsorption of the protecting 
colloid, it is clear wliy their ]irotective power is not 
parallel with their stability, for adsorption, and possibly 
other factors too, will come into play. 

The protection is not merely against electrolytes, for 
the stability of the mixture is practically the same as that 
of the protector, c.g. as regards solution and gelation; 
heat; evaporation ; imbihition ; sidation by digestion with 
water, acid, alkali, etc.; ultrafiltration. Gold hydro.sols 
])rotected by an lunulsoid are as insensitive to complex 
trivalciit ions as the emiilsoid itself (see p. 112). 

Ihe relative amounts of the two colloids are of the 
utmost importance, for precipitation takes jJace with 
smaller amounts of the protective colloid^ (see p. 137). 
Owing to the small concentration of metal sols it is not 
oa.sy to get this effect with them, and so the protection is 
very marked. The addition of gelatine to hydrosols of 
gold, mastic, or oil, to a concentration of 1 in 100,000,000 
increases the iwecipitating effect of hydrochloric acid. ’ In 
these cases the sign of the (barge on the .sol remains 
unchanged, but when enough gelatine is added to protect 
the sol, the negative sols become positive on addition* 

* FrieJemann, Arclav. Tlyijiene, 1906, IS, 370. 
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of the acid.*' It may be added that tlio reverse of pro¬ 
tection has been effected.'* liy adding excess of a mastic 
sol to an albumin sol, the albumin could be readily 
precipitated by means of electrolytes, etc. (See also next 
section.) 


Mutual Pukcipitation of Sols 

When Lottermoser mixed various sols with a view to 
obtaining mixed gels by precipitation of the mixture with 
salts, some of the sols precipitated each other without the 
addition of any salt. On making a table of these in¬ 
compatible sols, ho was surprised to lind that the clas.sifica- 
tion was the same as he had already obtained from their 
electrical migration.* In other words, a positive sol will 
precipitate a negative sol, while sols of the same electric 
sign will not do so. The precipitate contains both colloids, 
but, owing to experimental difficulties, he was unable to 
determine their amounts. Very little ferric hydroxide sol 
sufficed to precipitate a largo amount of silicic acid sol; 
with 20 o.c. of tho latter {0T44g. 8102) and 10 c.c. of the 
former sol (O'OdO g. FcjOj), the lir^uid above tho precipitate 
was still brown. Tho experimental difficulties are three in 
number; difficulty of filtration without adsorption (or 
precipitation), spontaneous precipitation of the excess of 
colloid in tho sol, and slowness of the reaction. Occasion¬ 
ally spontaneous solution occurred. 

The mutual precipitation of certain dyes had previously 
been noticed by Linder and Picton; * they also knew that 
these dyes were e.illoid3 «f opposite electric charge. 

Suspensoids.—A quantitative method was devised by 

I Walpole, Jour. Physiol., 1913,47,14 ; Biochem. Jour., 1914, 8,170. 

* Michaelis and Roua, Biochem. Zeilsch., 1900, 2, 219. 

• Anorg. Kolloid^, 1901, p. 77. 

Ohem. 8oc. Journ., 1897, 71,608, 



•mutual PRi^CIPITATION OF SOLS 

Biltz; it is a synthetic method,* whereas ,Tx)tternioser ’3 
unsuccessful ones were analyrtcal. Varying known 
• amounts of the one sol are added to a constant amount 
of the othiy, and the result jiotod. Very small amounts 
cause no visilile change, more causes partial preci))itation, 
larger amounts cause com]'leto precipitation, while still 
larger amounts give less Ipreoipitate, and at last no 
precipitation occurs. The region of complete precipitation 
is fairly narrow, while, with large excess of either sol, no 
pi'eci[)itation occurs at all. 'The following shows this. 

10 c.c. gold sol (= 1'4 mg.) + 5 c.c. thorium hydroxide 
sol of variable concentration. 

Appearance. 

mg, ThO,. Immediate, gO miiiutoe later. 

0*5 110 precipitate ..dight opalescence 

1*0 trace of precipitate trace of precipitate 

2*0 slow precipitation slow precipitation 

2*5 rapid complete precipitation complete „ 

3*() slow „ „ 

4*0 trace of precipitation 

***> I. no change 

The optimum amounts of various positive sols for gold 
sol differ considerably, as also does the optimum amount 
of a positive sol for various negative sols, but the order is 
always the same, cjj. : 



‘ Bar., 1904, 31, 1096. 
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Tliere if obviously an amount of one sol which is 
equivalent to a given ilmouijt of the other; it is not, how¬ 
ever, a chemical equivalence, nor is the precipitate, which 
must contain the two collcuds in practically constant pro¬ 
portions, to bo regarded as a chemical compound, in spite 
of its constant composition. .The equivalence is electrical; 
as Billiter first suggested,'* the maximum precipitation 
occurs when the positive charge on the one sol o.’iactly 
equals (and neutralises) the negative charge of the other. 
This is in agreement with what wo learnt regarding the 
precipitation of suspensoids by electrolytes, and the 
maximum of instability at the isoelectric point (p. 96). 
The optimum precipitation may not correspond exactly 
to electrical equivalence, for ol)viously the number of 
particles required and tlieir size (t.«. the electric charge 
and the disporsity) as well as the relative concentrations 
of the two sols, must alfect the precipitation, as also does 
the rate at whieh they are mixed (p. 98). In accordance 
with this, the composition of the precipitate is not quite 
constant. It always contains both, but so docs the remain¬ 
ing sol, unle.ss complete precipitation has occurred, i.e. 
the precipitate on cither side of the optimum does not 
contain the whole of the coraponont which is in defect. 
This distinguishes it from ordinary ciiemical reactions. 

In fact, if the positive and negative sols are standard¬ 
ised by means of barium chloride (the change of titre on 
precipitation, p. 104), complete precipitation is found to 
occur when the volumes are inversely proportional to the 
titre, which is directly proportional to the electric charge. 

^ Ilonri^ had already trfed the effect of two sols of the 
same electric sign upon each other. As would bo antici¬ 
pated from the protection effect, tiiey not only did not 

* Sitzungsber. Eaiserl. Akad. fTiss. Wten., 1904,113, 1159, 

• • Compt. rend. Biol, 1904, 65,1666. 
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« 

precipitate each other, but the mixed sol acquired the 
stability of the more stable compoSent. 

On either side of the optimum mixtu{o, the sol is 
negative or q)Ositivo, accordinj^ as one or other component 
is in excess, although the sol still contains both; and tiiis 
holds whether partial preoipiialion has taken ]ilace oj not. 
The following observations of llilliter' illustrate this. 

I''o( 01 I )3 sol + A.S 2 S 3 sol. 


10 0 . 0 . of tho mixturo 
contain 

FOjOjfmg.) As,Sj(nig). 


O-Gl 

20-3 

C-IIS 

JO'6 

9-12 

14-5 

l,'i-2 

10-4 

24-3 

4T4 

27-4 

2-07 


0|jtical. 
opalosce:.oo 
inimoiliiite precij'i 
couiploto ., 

iniiuediate 
R]ii;ht opalescence 
no chanj^c 


Obsorvatinn. 

Katapboresis. 
to .anode 

none 

to kathode 


The curve big. 10 is of the same form as that for the 
action of zinc sulphate on albumin (]>. 12 ( 1 ). 

Emulsoids.—Solar we have cousidered mainly the action 
of suspoiisoids onsu.spcnsoids. When we come to emuksoids, 
their behaviour, as might he anlieipatcd from their clectiioal 
properties anil behaviour on precipitation, is not so simple. 
The mutual precipitation of positive and negative gelatine 
(and other similar emnlsoiils) during kataphurosis has 
been referred to already (p. 83). Alhumin (electrically 
neutral) is precipitated by basic emulsoids, as histone, and 
basic dyes, because in them the albumin becomes negative, 
while they are positive sols. Similarly, it is precipitated 
by acid emulsoids, as silicic acid sol, and acid dyes, in 
whicli it becomes jiositive, while the acids are negative., 


^ Zeitsch. ykyax'ial. Chem., lUOS, 51, 143. 
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Similar reactions occur with tannin and gallic acid,' which 
precipitate both albunlin and gelatine. 

Suspensoids and Emulsoids.—-The action of cmulsoids 
on suspensoids has been described in the previous section. 
As there stated, the protection stage is preceded by 
precipitation, when the cinnlsoid is added slowly, or in 
small amount. The reason' is now evident. It is also 
clear that there may be a balance between the precipita¬ 
tion and protection effects. Here, ])Ossibly, the acid 
nature of gelatine and its protective power together more 
than balance the precipitation elfcct. On addition of 



oA,,(),—> - v*,.v 

ammonia to the gelatine, whicli makes it more negative, 
the feme hydro.xide sol is precipitated; if instead, the 
ammonia is added to the mi.vture of sols, no precipitation 
occurs, but the mixed sol migrates to the anode." 

.“similar anomalies have been observed with albumin,’' 
which is precipitated by both positive and negative sols. 

The essential feature, then, of the action of a positive 
sol on a negative sol, is that excess of cither sol protects, 
while precipitation oidy (tccurs in a middle zone, which is 
usually narrow (Fig. 10). 

* Dmipcr and Wilson, J. Soc. Chem. hid., 1906, 26, 515. 

• HiUuiigsber. Kaiscrl. Akad. Wtss. Wien., 1904,113, 1159, 

‘ Friedemaiin, Zeiisch, physibal. Chem., 1905, 61, 146, 
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Action of Multivalent Ions on Sols.—This takes us back 
to the remarkable phenomenon observed by Burton in the 
•action of Al"’ on gold sol and silver sol (p. lj)V). A very 
small concentration of Al"‘ dotis not precipitate the sol, at 
slightly larger concentrations precipitation is complete, 
while with excess of AP" no precipitation occurs. The 
original sols are negative; thiy pass through the isoelectric 
point, and then become positive. This is very similar to 
the protection of sols, which can also precipitate each 
other. In each case, there is a middle zone of precipita¬ 
tion, am! on either side of it stable sols, but of opposite 
electric charge. Other multivalent kations behave like 
Al'". Now these salts are hydrolysed, and thus contain 
positive hydroxide sols. Their action on negative sols 
may therefore be due to protection at the two extremes, 
with mutual precipitation at intermediate concentrations. 
As Burton sliow'ed, the greater the excess, the greater the 
(reversed) charge and the stability. A now effect, 
however, must now come in; the precipitating effect of the 
anion on the now positive sol. The second region of non- 
])rocipitation is accordingly followed by a .second zone of 
precipitation, which is finally complete. The whole scries 
of changes on successively increasing the hydrolysed salt 
is; ( 1 ) first zone of non-precipitathm; ( 2 ) first zone of 
precipitation; (.l) second zone of non-prccipitation; 
(d) second zone of precipitation (Fig. 11). 

The following illustrate this ' 

Mastic sol + AljfSO,), 


Al.(».,), 

- 2 piilllimon Itil litre). I'Kill.iIntlMl. 

0018-0 033 „0iM 

0-083 Blight 

0-167 completo 

0-33-0-83 uouo 

1-67-88*3 coiiiploto 


1 Friodemann and Neisaer, Mumh, nudizin. Wochemchrift, No. 11 
1903. 
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The aosompanying change in kataphoresis is shown 
below ’— • 

. Platinum sol (Bredig) + I’cCl;, 

FcClj • 

(niillimolB III 1 litre). i'rcoljntiiliini. JCiit-ftpliorchia. 

0‘021'0‘036 none to anode 

0’08;5- 0'222 tfomploto none 

0'd3lV6 67 |iono to kathode 

lG‘3-0()6’7 complete none 

Fig. 11 illustrates this behaviour. 



~I5 -/ -05 O 005 0 1 005 


Log of t'onocntndwii. 

Pig. 11. 

A very eompleto exam 2 il 0 of these “irregular” .series 
is given by Kruyt and Sjiek,^ for a feriie hydroxide sol 
anil sodium hydroxide or phosjihate. 'I'he sol was 
dialysed for dl days, and contained fl'T! [ler eoiit. Feada 
and 0'028 per cent. Olj; 50 o.c. sol + 150 e.c. water. 

Fe(()ir)sSol + NaOir. 

Nnt'H rrpciplulioii. NaOH PrecijiiUition. 

(lu.niol tul litre). (m in 1 litre). 

1'27,1'40 incoirplcfce c none 

1‘55, 175 immediate 8 36 „ 

complete 13-U opaleftcotico 

2 00,2 J6 complete 20 0, 23 2 \ incomplete: yellow 

2 33.2-80 „ 24 0, 26-1 ^ colour of liquid 

3'10 almost compJotc 27 0 ) gradually diminishes 

3-99 opalesconoe 30'3,32-4 complete 

* Buxton and Teague, Zeitsch. physikal. Chen., 1007, 57, 76. 

• Koll. Ztitsch., 1319, 25,1. 
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That the second precipitation zone is due to the action 
of the anion of the salt on tlio reversed sol is home out by 
flic above taldcs. In eacli case, the first precipitation 
zone begins at 0'0(S3 m.niol AT" an<I Fe"', and ends at 
0 333 in.mol; in the former the second precipitation 
zone commences at l'C7 ni.nii)! Al'", while in the hitter 
it is ten times as great, IG’3 m.mol Fe'". In the former 
the anion is'SO^", and in the latter Cl'; the difference is 
in agreement willi the valency rule. 

This phemimonou is easily seen in the case of dyes, for 
they comprise all three cases : (a) true solutions, as eosin 
and methylene blue, which act on sols in the same 
manner as other electrolytes; (d) most dyes exert pro¬ 
tection, i.f. there is a precipitation zone, with a non- 
precipitation zone on each side of it. Frequently the 
middle zone is very sharply defined and within very narrow 
limits; (c) Nile blue and mastic sol behave in a similar 
manner to aluminium salts and mastic. 

As we have seen, the behaviour of albumin with zinc 
salts and salts of heavy metals is very similar, the curves 
being of the same kind (c/. Figs. 7 and 11). 

It has been suggested that salts of multivalent ions 
possess greater precipitating power because of the hydro¬ 
lysis, I'.e. that tho precipitation is really produced by 
the hydroxiile sol, and not by the ion, but this is not 
the case. The charge on a sol is very much less than 
on an equivalent amount of the con-esponding ion 
(p. 82), and a correspondingly larger amount of the 
former will bo required. Biltj showed that 24 mg. of 
arsenious sulphide required 2 mg. AI 2 O 3 as hydroxide sol 
for precipitation, while, as AT", 013 rag. AI 2 O 3 were 
sufficient. Even oomjdete hydrolysis, which is far from 
being the case, could not give tho required amount of soU 
It is not probable that the increased positive charge on the 
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sol will be hicroased to a sufficient extent by the presence 
of ir, to make up for such large differences in amount. 

Proof that the relative amounts of positive and negative 
sols for optimum precipitution vary with the dispersity 
is afforded by the recent experiments of Galecki and 
Kasforskij.l The ferric hydroxide sol contained amiorous 
only, and was opalescent, its" concentration was 10’28 mg. 
in 1 c.c. and its katapliore.sis velocity was +’ d5'7 X 10“*’ 
(cm. sec. volt cm.). Of the two gold sols, the one, Au/, 
prepared by reduction with formaldehyde, contained sub- 
microns ; its concentration was 0 07 mg. in 1 c.c. and its 
velocity was — 39-3 X 10“**. The other, Aiij,, prepared 
by reduction with plio.spliorus, was of the same concen¬ 
tration, .and had almost the same velocity (—36'2 X 10“**), 
but contained amicrons only. 

On the average 1 mg. Aii/ = 4'98 mg. 16203 
and 1 mg. Au^ = IS’4 mg. h' 02()3 

When the amount of gold sol added was insudicient to 
cause any precipitation, the Aii/ sols contained amicrons 
only, while Aup at first cleared up the opalescence of the 
ferric hydroxide, but submicrous appeared later. The 
following figures require no further explanation. 



Au. 

Velocity (c, 

.n. sec. volt cm.). 

(in mg.) 


AU/. 

Au/,. 

0 

0-7 

-89-3 

-36-2 

Optimum for 

precipitation (as above). 


61-68 

0-28 

-f-30-l 

-f 22-77 

92-.'')2 

0 07 . 

-f 33-4 

-f 20 20 

102-8 

0-0 

d- 35-7 

+ 35-7 


' KoU Zritsch., 191 : 5 , 13, 113. 
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Gels are iisiially oblnined when omiilsoid sola are cooled 
or evaporated down; wlien suaiieiisoids are treated similarly, 
the dia])orso phase is usually oMaitied as a loose powder. 
Tile foruicr contain both disper.se phase and disiiersion 
medium, and form twofaiily dislinet types : the gels which 
retain their elasticity and coherence on di ving, and thu.se 
which lose their elasticity and become powdery on drying. 
The sol-gel reversible transformation has already been 
dealt with (p. 122 ) and will not be again referred to; there 
still remain the two imjiortant subjects of imbibition and 
hydration and dehydration of gels, and the structure of 
gels, including the relation between amorphous and crystal¬ 
line solids. But before these are discussed, it may he 
useful to present a summary of the general properties of 
gels. 

As eiuulsoids are generally recognised to ho two-phaso 
liquid systems, it seems reasonable to conclude that gels 
are also two-pliase liquid systems with e.^troiuely great 
viscosity, since there is no apparent decrease in the nninher 
of phases on cooling or evaporj,ting down emulsoid sols. 
As the viscosity of emulsoids indicates, there is in emnl- 
soids a gradual and continuous transition from sol to gel 
(p 123). This conclusion was reached empirically by 
Biitschli (1892 onwards) as a result of microscopic obserj 
vations on the structure of gels of starch, gum, gelatine, and 
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other substamces. Many of the characteristic properties 
of gels are connected with tliis two-phase structure. 

jPmi/y.-rThere is always contraction when a dry gela¬ 
tinous colloid and water nuito to form a gel) but the gel 
considered alone undergoes considerable expansion when it 
take? up water. 

This initial contraction on imbibition has long been 
known, and was accurately determined by LiiJeking* in the 
ca.se of gelatine. The density of the sample of gelatine ho 
used was 1'412, and the density calcidatcd from the density 
of gels of 14 per cent, and 35 per cent, gelatine was 1'9. 
The actual figures are— 


Concentration d. d. 

g. in 100 g. of gel. olisoi'ved. calcnlatoil. 

13 6 ror.o 1041 

32-0 1*135 1*103 

58-5 1-242 1-200 


This behaviour of gels is in agreement with that of eninl- 
soid sols (p. 21), and is further evidence of the similarity 
of their nature. 

Thermal ExpMmon .—The thermal expansion of gds is 
practically the same as that of the water or other li(piid 
wliich makes up llio greater jjart of the gel, 

A gelatine gel becomes warmer when it is strotebod, 
and cooler when it is cotnpressed; this is also the case with 
rubber. 

Cornpressihility.—Tii& compressibility of gelatine gel is 
much liigber than that of solids,^ ;3 = 10 x 10'*, instead 
of about 1 X 10"* in the case of solids. Tlie compressi¬ 
bility rises as the temperature is raised, and when the gel 
becomes sol, j3 = 48 x 10"*, which is the value for water. 

It is not improbable that the high value of /3 for the 

> Wiei. Ann., 1888, [iii,] 35, 552 
8 L.inis, J. Jtner. Client. Soc., 1898, 0, 285. 
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gel is due to the phenoraennn being the sum of two effects, 
the compressibility of the dilute liquid phase wbiob forms 
the larger part of the gel, and the elasticity of the more 
concentrated.liquid phase wliiclJ forms the containing walls 
of the gel. 

Blastkity and Viscosity .—The modulus of elasticity' of 
a cylinder of gel is given by ^ 

V - 


P = weight attaclied to the cylinder to cause extension. 
Al = tlio increase in the length 1. 
r = radius of llio cylinder. 

This is the modulus of elnsticitv for extension, the 
modulus for shearing strain is 


E 


t 


2(1+ p) 


being the ratio of the relative contraction of the diameter 
to the relative change in lenglli. The value of n for gela¬ 
tine is 0'5, bonce there is no actual change in volume when 
a g(datino gel suffers extension, even when the extension 
is great. 

The value of IL in gelatine gels iucreases as C^, the 
square of the concxuitration of gelatine. The relaxation 
time increases much with increase of concentration, being 
10 minutes for a 10 per cent, gel, and 40 minutes for a 
20 per cent. gel. 

Since E, X relaxation time = viscosity, the visoo.sity of 
gels must show enormous increases with increase of con¬ 
centration. 

The addition of other substances to the gel affects the 
elasticity just as it affects gelation (p. 125). Sulphate and. 
polyhydroxyl organic compounds, as sugar, glycerol, act 
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in the one direction (increase of E), while chloride ami 
nitnite have the opposite effoot. Tliis is as might lie 
expected; the substances which increase the olastiidty .<if 
the gel favour gelation, the otliers favour solution. 

Tlio viscosity must also be affected by the addition of 
substances to a gel, as they affect both the modulus of 
elasticity and the relaxatioli time. 

Optical rropertiec.- Douik Mifraction 'on Mechanical 
Deformation .—This is another property which gels have in 
common witli emulsoid sols, and as it was not referred' 
to in liescribing sols, .some detail may be given here. It 
is well known that glass becomes doubly refiacting when 
subjected to strain, such as unequal pressure. As glass 
is a super-cooled, highly viscous liquid, it occurred to 
Cleik Maxwell^ that other highly viscous liquid.s, which 
yet have the oidiiiary properties of liipiids, ought to show 
the same effect. T’he a|)paratus con.si.sts essentially of a 
massive cylinder rotating coaxially imsido a larger hollow 
cylinilcr, which is .stationary. The liquid is placed in the 
annular space and is thus subjected to the mechanical 
deformation. Polarised light is sent through the liquid 
and the omergimt light is aualy.sed by a suitable eyepiece. 

No double refraction was observed with cane sugar 
solution or glycerol, but it was jiroduced in even very 
dilute sols of gum, gelatine, collodion, etc. The efl'e t 
theiefore cannot bo duo to ordinary viscosity, as the 
glycerol and the sugar had much greater viscosities than 
the sols. It most proliably arises from the peculiarity of 
emulsoids and gels in being two-phase liquids, the inter¬ 
face between the phase.t of which is possessed of elastic 
prop irlies, to which also the peculiarities of the viscosity 
of emulsoids is also almost certaiTiIy duo. 

The dotible refraction, I) = ri — is the difference 

I’loc. lU'i/. Soc. Kdin., iSiOO. Soo also Kundt, H'tPf?. 
Afin., 1381, Lni.J 13, UO. 
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of tho refractive indices of tlie oxti^ordinary ray and the 
ordinary ray, and is given l>y 



a 


where A is the wave-leiiglli of the monuehrotnatic light 
employed, 

A the dilfereiice of jthaso, and 
a the thickness of the plate or layer of gel. 

1) i.» proporticjnal (0 A///, the relative lengthening, and 
this ratio may he taken a.3 a measure of the effect. It is 
approximately proportional to Uic concentration of the go 1. 
and .salts liaxe the .same effeid on it as on the modulus 
of ela.stieity, ie, chloriile and nitrate dimini.ch it, .sulplui'e 
has practically no effeel.* 

Gelatine is optically active; chloride and nitrate 
diminish the rotation, while sulphate docs not alter it. 

Diffusion in Oels.—The early observations on tlie dilTii- 
siou of solutions in g(ds have already been referreil to at 
some Icngtli (p. 24). It may be recalled that Graham 
concluded that tlie rates of diffusion of salts in gelatine 
gels wore the same as in pure water, hut tliat his results 
did not really hear him out in this, tlie differences lie 
found being greater tlian his e.xperimeutal error. Otlievs, 
too, arrived at tho same conclusion for .salts in other gels, 
e.//. in silicic acid and agar. It was demonstrated later 
that the differences are not large so long as the gel is 
dilute, but become much greater in coiiceiitrated gels.^ 

Substances which inlluence tho sol-gel transformation 
and the elasticity of the gel. also affect the permeability 
ot the gel by other substances. Alcoliol and glycerol 

‘ Liook, Am. Physik., 1904, [iv.] 14, 139. 

’ BaclihoU and Ziegler, Zeitsch. physikal. Chem., 1906, 56, 105^ 
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reduce the' diffusion! in gelatine or agar, while urea, 
chloride, and iodide increase it. 

Liesr/jan'jf s liintjs .—This complicated phenomenon has 
given rise to much discd'ssion. A glass plate is coated 
with gelatine sol containing ammonium bichromate; when 
the-gelatine is set and partjy dry, a drop of silver nitrate 
solution is placed in the middle of the pdate, and the 
plate kept in a horizontal position in a moist atmosphere, 
to prevent evaporation. The silver nitrate diffuse.? out 
from the drop, and silver chromate is deposited in con¬ 
centric rings at ever increasing distances from each 
other. 

Ostwald' exjdaiiiod their formation as an effect of 
supersaturation: a certain exce.ss of Ag' is required to 
produce the supersaturation in the metastablo region, 
which will necos-silato the formation of nuclei of the 
precipitate. When this has happened, the whole of the 
excess of silver chromate will separate out, and so 
the adjoining region becomes poorer in chromate ion and 
the silver ion has further to go before the next crystallisa¬ 
tion can take place. There are other factors, however, 
some of which have been indicated by Liesegang, and by 
Beehhold.® 

In the first place, there is the protective action of 
emulsoids on the precipitation of suspeusoids, and this is 
exceptionally strong in the case of gelatine (j). 131). It 
is thus probable that silver chromate will remain as a 
suspiensoid sol long after the metastable concentration (if 
it exists at all) has bceii,pa,ssed. 

Ostwald’s explanation does not explain why the centre 
of the plate, where the drop of silver nitrate is put on, 
always remains clear, the first deposit being a ring near 

^ Lehthuch, 2, II. o. 778. 

• Z^tsch. physthal. Chem., 1907, 69, 444; 1905, 62,186, 
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the margin of the drop; for it cannyt be owing to want of 
Ag’. Nor does.tho protective action of tlio gelatine afford 
an explanation, unless the question of time is introduced. 
The clear centre may, however,'bo a result of the protect¬ 
ing action of an excess of either ion in the precipitation of 
sols of insoluble silver salts, e.g. in tlie titration of silver hy 
chloride or of olilorido by silvcA-, the silver chloride remains 
as sol so long as there is excess of the ion to be precipi¬ 
tated, and it is precipitated only when there is no excess of 
cither ion (p. 110). It may well be, then, that the very 
reverse of Ostwald’s explanation takes place, and that 
precipitation only occurs when the amounts of silver ion 
and chromate ion are c(]uivalcnt. 

Tliere is still another effect wliich may exert a power¬ 
ful influence, viz. the permeability, not merely of the 
gehitiiie, but of the ring of precipitated silver chromate 
by salts. This itself is a subject of great complexity, and 
the few generalisations which have been made out will bo 
discussed below. Only it may be said hero that a gel 
consisting of a semi-permeablo precipitation film is, as a 
rule, impermeable by the ions which make up the film, 
otherwise a thin continuous film would not be produced 
by the reaction. Accordingly, if tlio silver chromate is 
first of all precipitated as a gel or a two-jihaso liquid, it 
will certainly not be without effect on the diffusion of 
silver ion from the centre to the region beyond the ring 
last deposited. It may even cause decomposition of the 
silver nitrate, the silver ion being retained while the nitrate 
passes through, thus clearing out the chromate and causing 
silver ion to diffuse further before tlio next ring can be 
formed. It might be inferred from the above, that no 
silver ion could get past the first ring; but this is not the 
case, for the precipitated silver chromate gel will, soonet 
or later (and probably assisted by the excess of silver ion), 
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break down; eitlier by crystallisation or other diminution 
in dispersity, and will* thus lose its impermeability. 

This does not exhaust all the pos.sibilitios, but enough 
has been said to show tiiat tlie pbenomeuon is by no 
means a simple one, and that a full and sati.sfactory 
explanation is not yet possible. 

Precipitatum Films .—The properties of proci[)itation 
membranes, whicli came into proiniiiencb during the 
development of Ilje osmotic pre.ssure tlicory of solution, 
have been Ibe subject of many investigations, without 
any finality having been reached. Tlie structure of the 
membrane must be an important factor in tlie behaviour 
of any particular lilm, and this must depend to a large 
extent on the conditions under which it is precipitated, 
and these again must largely affect the stability of the 
form in which the precipitate fir.-,t separates onl. As a 
rule these membranes are unstable, and liable to change, 
to deteriorate in iraponncability, under inlluenccs which 
are mainly unknown; hence it is not surprising that 
the results of investigations on them are frequently not 
in close agreement. 

The state in which a precipitation film first separates 
from solution, and its subsequent changes, arc indicated 
by von Weimarn’s Theory (p. 178). The more insoluble 
the substance, the easier it is to obtain it in the form of 
a cellular jelly, which will under suitable conditions form 
a coherent semi-permeable membrane. The more dilute 
the reagents, the more likely is the precipitate to separate 
out in a crystalline form, or, if it is very insoluble, as an 
incoherent powder or open network. 

The permeability will vary with the structure of the 
film, and as this is often much altered by the action of 
^alts (ions), the film may change very rapidly when salts 
ase present, although it had previously remained unchanged 
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for long periods. Tliese cliangcs in.'^y be either reversible 
or irreversible; if the former, it may be very difficiiH 
tn detect the change. The peniieiiliilily of. a film by 
substances may be connected with the molar weight of 
the diffusing substance, or with the inllnencc of the 
substance on the nature of the membrane, increasing or 
decreasing its elasticity, whiifh, as we have just s<'on, 
affects the dilTiision of substances in gels, Thens is also 
thepo.ssibililyof irrevcrsil.Ie eoaguhitions or other changes 
bronght about by the action of ions on the colloid films, 
which may act in the direction eithiT of dimini.shing or 
increasing the ])ermcahility, and may e.vcn produce the 
one effect at low eoncentration.s, and the reverse at higher 
concentrations. 

Notwitlisf.inding tliis, a few general conclnsions h.nve 
been airivcil at concerning such scini-pcanicahli; mem¬ 
branes. No one now maintains that the iiermeabilily is 
connected witli the .size of tlie pores in tbe liljii, i.e. tliat 
tlic films fniietion as molecular or ionic “sieves.” Tt is 
mucli more likely that tbe prim ip.al factor is tlie lyotrojic 
cliaracterof tbe particular solute. Tims acids anil idkalie.s, 
cliloi'ides, bromides, iodides, nitralcs, and chlorate.s arc 
more or less able to pass through most inecipitation lilms; 
sulphates, pliospbalos, carbonates, salts of iiigaiiic acids, 
salts of bivalent katioiis as Ca, Mg, Zu, etc., and salts 
of heavy metals are less so, and often cannot do so at all, 
while polyliydro.vy organic compounds also come into the 
same class. 

This grouping seems to point to lyotrope infliieuce.9, 
especially the classification of the organic substances, 
though the effect of salts might also point to a valency 
inlluence, as in the precipitation of sols (p. 98). 

Adsoiption must likewise play apart in the plienumoiiaj. 
and along with it the mutual proeipitation of pnsitjjre 
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and negative sols. TTie nature of the semi-permeable 
membrane may be temporarily or permanently cliauged 
in consequeiice of either adsorption or of the precipitatiotf 
of other substances on the'membrano. 

• Hydmtion and Dehydration of Gels 

I 

Non-Elastie Gels 

The question of tlio composition an<l chemical nature of 
the hydrates of metallic oxides, such as ferric o.xide, man¬ 
ganese dioxide, and stannic oxide, has always been a 
diflioult one, and there is little doubt that many such 
“compounds”still find a place in the dictionaries,in spite 
of the evidence of their indefinite nature. For instance, 
J. M. van Bemmelen,* to whom is due a gieat part of our 
knowledge of this .subjeet, showed as long ago as 1878 that 
the amount of “ hydrate water ” of ferric oxide was variable, 
an accidental amount, and that the substance continuously 
lost water in dry air, .and gained it in moist air, the amount 
depending, among other things, on the teinporaturo and 
the moisture. The following figures show this:— 

Mols of Water to 1 of Oxide. 


State of gel. 

(. 

SiO.. 

SnOj. 

A1,0,. 

Fe,0,. 

Just dry 

15° 

44 

8-0 

6-6 

>6 

In air 

15° 

1-6 

2-6 

4-4 

5-4 

In dry air 

15° 

0-5 

1-0 

2 6 

1-6 

Ill air 

100° 

0-2 

l-O'fi 

2-3 

1 -2-1 


The vapour pressure 'curves show decisively that the 
solid is not a definite hydrate, a chemical individual, for 
according to the phase rule a hydrate, which, on giving up 
some of its water as vapour, is in contact with a lower 
■ Bur., 1878, 11, 2232 ; 1880, 13, 1406, 
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hydrate, or the anliydroiiB compoijnd, form,, a univariant 
system (two components, three pliasos), tlie vapour pressure 
'of which is constant at con.stant tenijieraturf. As this is 
not the case, there can be only two jjhases, the gas pliase 
and one solid phase, in which tlie vapour pressure varies 
with the temperature and the concentration in tlie phase, 
just as in the case of an unsaturated solution. 

The wathr in the solid phase (from the pliase rule point 
of view, it is immaterial whether the phase he regarded as 
solid or liipiid) is therefore not in the form of a chemical 
compound, hut is adsorbed or dissolved. Real compounds 
are formed under certain conditions, ejj. rie 0 ,lf 20 , and 
Al203,31l20, wliich separate out in a crystalline slate with 
a definite composition, and behave as true compounds. 

Hydration and Dehydration of Silicic Acid Gel. -The 
system Si 02 ,H 2 (.) has been systematieiilly investigated by 
van Bemmelen,* who determined the i.sothcrmal at 15°. 
The gels were obtained by the action of dilute hydro¬ 
chloric acid on sodium silicate, a little ammonia being 
added; the gels were then well waslied. Gels of various 
concoutratioiis were obtained by varying the concentra¬ 
tion of the sodium silicate. The results were the same, 
whether the gel was in powder, in grains or in clumps. 
The gels were placed in desiccators containing sul¬ 
phuric acid of thirty-six different concentrations (from 
112804 , 0-251120 down to 112804 , 901120 ). 

The amount of water was ascertained by weighing at 
stated intervals of time. The results are given in Fig. 12 
for a gel which originally contained IOOH 2 O to lSi 02 . 
The temperature was 15°. 

The dehydration follows the curve AGOjO,,, which is 
made up of two similar curved portions, separated by an 
intermediate linear portion. From A to 0 the loss .of 
* Zeitsch, anorg, Chem., 1896, 18, 233. 
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water is a continuous jjroeesB, but is in no souse an equili¬ 
brium, for tliouob at any point the system can take up 
water, it does.not followtlio curve,but strikes out towards' 
the saturation pressure (imlicated on the diagram) which 
it reaches in a very little time. This latter process is more 
nearly reversible, as subsecpieut dehydration follows a 
slightly divergent curve to rlaoh the curve AO near the 
point at which it left it. 

At 0 the middle portion of the, curvi!, tX tj, is reached ; 
it i.s a|i]]roximately a horizontal straight lino, indicating 
that large ipiantities of water caji ho removed without 
making much difi'erenco in the vapour pressure. This par t 
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of the curve corresiionds to a curious change in the 
app(arancc of the gel, which up to this point had been 
clear and transparent. At 0 it becomes opalescent, com¬ 
mencing in the interior and gradually spreading through 
the mass, until it is yellow by transmitted light and bluish 
by reflected light These colours suggest the appearance 
of a new highly disperse heterogeneity, and this proves 
to be the case. The opalescence is caused by bubbles of 
air or of water vapour appearing where there had previously 
b.qen liquid water. A similar appearance has been observed 
with many other gels and transparent substances with 
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* 

very fine porosity, as iiieorRchitiimj As dehydration pro¬ 
ceeds the gel becomes while as porcelain, and then opaque. 
•At 0| the reverse series of eliangcs conimfince.s, the gel 
becoming vihite, then ojialestent, and finally clear as 
glass. 

Between 0 and Oj the reaclion is irrevcisiblc; aljaiiy 
point the gel can take up wa<er, but it does so, a.s bidore, 
by a short ctU to saturation. As liel'orc, this hydiation is 
ai'pi'oxiinately reversible, tlie systcni returning to a point 
on OOj. 

From 0] the curve GjOq is a continuation of AO, but 
dill'ers from it in tlie reaction being reversible, lioth hydra¬ 
tion and deliydration being repicsentcd by the same curve. 

Hydration of the Dry Gel.—The gel diicd over con¬ 
centrated sulphuric acid still has about OttlIjO to .‘'iOj. 
Starting at Oq tlu; hydration follows the dehydration curve 
as far as Oi from wliich point it lies above OjO ; lliis 
portion Oil )2 hs not a straight line, like OjO, but is mucli 
flatter than the rest of the hydration curve. Tlie j)rocess 
is not reversible along OiOj, the dehydration Ibllows the 
pilli.s shown on the diagram. The characteristic opal¬ 
escence and opacity also make their appcaranco in tliis 
region, but not to so marked an e,\tent as on dcbydiation. 

From O 2 , whicli is about O'fllljL above 0, and the 
vapour pressure 2-3 mm. liiglier, tlie third portion of tlie 
curve O 2 O 3 liegins; the curve ends in O 3 at the vapour 
jiressure of water, dehydration from G 3 does not exactly 
follow the hydration curve, but conies down to 0 if the 
gel is far past O 2 . If it is near Oj it comes down to an 
intermediate point on OOj. .^11 the,sc arc indicated on 
the diagram by the direction arrows. 

Silicic acid gels are unstable systems of tlie general 
formula Si 02 ,»!H 20 , the value of n depending on tlie- 
physical conditions and also on tlie previous history* of 
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the system. The lattqr, known as hysteresis, is of great 
importance, not only in this particular property of gels, 
but in many of the properties of colloids generally. The 
hydration and dohydratioif of other non-elastic gels, as 
ferric hydroxide, stannic acid, etc., show the same charac¬ 
teristics as silicic acid gel, although there are many 
individual differences in e.ach*ease. 

Alcogels.—Clelatino witli alcohol or boui;ene as dis¬ 
persion medium forms series of gels whicli have been 
examined by Bacbmann.’ Aloogels and benzogols of 
gelatine show--apart from cen-tain special features which 
arise from the mechanical properties of their structure— 
a marked similarity in the course and hystcrcsis-cycle of 
their vapour pressure isotherms with those of .silicic acid 
hydrogel, and others. The common cause is the similarity 
of tlie processes involved—the reduction of vapour pressure 
of the imbibed liquid owing to the action of capillarity in 
an ainicroscopic hollow-spaced system. The same cycle 
of events must always occur with a liquid and a porous 
substance with capillary spaces and walls of adequate 
resistance, provided no secondary changes, such as 
chemical reactions, occur. By applying the theory of 
capillarity, it is possible to estimate approximately the 
size of the spaces; they are 30-100 limes smaller than 
Biitschli’s network, i.e. 2-30 fi/t in diameter. 

Elastic Gels 

The differences in the hydration phenomena of elastic 
gels, of which gelatine or agar may be taken as the type, 
and the non-elastic gels a;e sufficiently great to warrant 
their separation, although they have much in common, 
and the groups merge into each other. Perhaps the most 
outstanding differences are the absence in the elastic gels 
■ KoU. Zdtsch., 1918, 23, 85. 
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of the middle portion of the dehyc^atiou curve (OOi, Fig. 
12 ), and the fact that an elastic g(!l which has taken up 
'all the water it can from water vapour, qaii still take 
up large amounts of liquid water, niueli more indeed than 
it has already taken up from the vapour. 

As with non-elastic gels, there is no evidenge of 
chemical eomhination, no lixed ratio of solid to water 
whicli is reproduced under varying external conditions. 
The amount of water inihihid depends on many con¬ 
ditions : the temperature, wliether the water is licpiid or 
vapour, the presence of other substances in the water, 
and the previous liislory or treatment of the gel. 

The process of imbibition is accompanied by con¬ 
traction, if tiie total volume of the gel and water is 
considered, but in many cases the solid experiences a large 
expansion, and can then give rise to large pressures. 
This and the ntlier phenomena of irabihitiou are clearly 
very important from the biological side, as many of the 
tissues of plants and animals possess the power in a 
marked degree. Other elastic gels arc starch, agar, pro¬ 
teins, gelatine. One dilhculty of investigation is that the 
substances examined are not pure, many of them are 
mixtures, and most of them are easily decomposed; in 
addition to which equilibrium is often very slowly reached. 

Hofmeister con.sidered imbibition to be made up of 
throe distinct processes ; capillary, endosmotic, and mole¬ 
cular imhibitiou. The la.st, whieli is of the nature of 
. adsorption in its not being oheraical eomhination, is what 
is now ordinarily meant by imbibition. He arrived at 
the following generalisations. The qnajitity of liquid 
which can be taken up reaches a maximum, which depends 
on the gel, on the liquid, on the temperature, and on the 
viscosity of the liquid. There is always contraction, and 
always evolution of heat; from which, according to le 
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Cluitelier’s theorem, Ljat will liiudor or diminish imbibi¬ 
tion, while cold and pressure will favour it. 

Weight and Volume Change.—A plate of dry gelatiner 
weighing 0'901g.’ was placed in an atmo.sphpre saturated 
with water at ordinary temperature. The gain in weight 
in eight days was 0'37 g. and no further gain took place 
in twenty days. When tlie <plate was immersed in water 
at ordinary temperature, it took up 5'6 g. of'water in one 
hour, and still more on prolonged soaking. The one 
maximum is about .50 per ceut. of the dry weiglit, the 
other is 1000 per cent. Tliis extra water is ea.sily given 
up to dry air, or even in moist air. The greater part of 
it is so loosely lield that the gel has the same vapour 
pressure as water, and under constant conditions lose-s 
water at tlie same rate as a similar surface of water; only 
a small residue is more firmly hold, wliich cannot be 
removed at all at 15°, but is slowly given up at OO". 

The greatest changes in volume occur with the first 
additions of water, hence really dry materials must be 
employed. Assuming that all the contraction is of the 
water, Itodew.'ild'-* found the following for starch dried 


■r sulphuric 

acid ;— 



K- watoi to 

Vol. Ill cc. 1 

g. watpr fo 

Vol. Id cc. 

mo g hLiii b. 

oflg. uMt. r. 1 

100 g. atar. Ii. 

of I g. 

1 L7 

0 33 

9 20 

0-29 

2-09 

0-29 

13-4 

0-49 

5-U2 

0-31 

14*95 

0 50 

7-40 

0 36 

19-24 

049 


The volume cliaug(! is easily demonstrated, if a 50 o o. 
flask with long narrow ;ieck is filled loosely with shreds 
of gelatine, wmter added >\p to a mark on the neck, 
and the stopper inserted. Tlie level of the water fdls as 
imbibition proceeds. The tcnipcralure must be kept con¬ 
stant, as heat is evolved during the reaction. 

* Solarocflor, Zeiheh. 'physikal, f'hi'tn., 1903, 45, 109. 

• Zeitsch.physikaUChem., 1897, 34, 193. 
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If gelatine is hardoned by aliiti|or alcohol or formalile- 
hydo, it largely loses its power of imbibition, becoming 
more like tlio non-elastie gels. Inibibition^also depends 
on the liquid, e.g. alcohol is •not imbibed by gelatine. 
Thcire is no imbibition by slarcli in petroleum, or by 
albniiiin in alcohol, benzene, etbcr, or turpentine. ^Tliia 
alone is sufficient to mark olf imbibition from adsorption, 
for there wMild be some adsorption with the.se liiinids, 
although probably not so largo as with water. There 
must be .some connocion between imbibition and the 
solubility of the liquid iu the gel, as the liquid mu.st pass 
through the w.dls of the gel to dilute the liquid iu the 
iutorior. 

Further examples of iudubition iire rubber in ether, 
ohloroforni, or other oig.iiiie liquid.s, and pyroxylin 
(collodion) in ether or alcohol. The .same behaviour is 
observed hero as with gelatine and water To make a 
gel.atino .sol from dry gelaliue and water, it is much 
quicker to soak tho gelatine in cold water, and to apply 
heat ouly when imbibition is fairly complete; hot water 
and dry gelatine form a sid very slowly. .Similarly with 
collodion (see p. 27): it is soaked in either alcohol or 
ether, and after iinhibition has taken jdaoe, the other 
liquid is added, when .solatiou is rajiid. 

The Pressure of Imbibition.—A.s the total volume 
chaiigo is a oontractioii, the ])ressure due to the expansion 
of the gel by water is not ohsiTved at all unless the gel is 
separated from the water by a semi pevumablo raembriine. 
If gelatine is packed in a porous earthenware cylinder, 
connected with a manometer,'and placed in water, the 
pressure hursts the cylinder.* 

Eeiiike determined the prcs.sures by means of the 
oedometor. Circular discs of dry seawccil {Laminaria) ^ 
• ‘ Sclirooiler, loc. cU. 
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were placed in the bujtom of a steel cylinder, the piston 
of which was pierced by a nnmltor of very fine cliannels, 
which allowed free passage of water to or from the sea¬ 
weed (the latter really 'provided the sei)ii-perineable 
membrane, the steel piston only acting as a strong support, 
as when pressure was a])plied to the piston, the holes 
would bo closed by the oute* membrane of the s(!aweed). 
Weights were placed on the top of the piston, and the 
height to which the ])iston was raised was measured. As 
the discs incicascd only in thickness and not in area, 
the Iieight gives the volume and houoe the amount of 
water which has been taken up. Ten layers of Laminaria, 
OT mm. in thickness, and ,o0 sq. mm. area, gave the 


following pressnros:— 

J? (atmosphoros). 

h (mm.). 

W (per cent, HjO in 
vol. per cent, of air- 
dry substance). 

1 

3-3 

330 

3-2 

2-05 

205 

7-2 

0'97 

97 

21 

0-35 

35 

41 

0-10 

16 


These pressures are equilibrium pressures, for similar 
, values were obtained for the pressures at which w'ater was 
just pressed out from seaweed containing varying amounts 
of water. The pressures reipiired to remove water when 
the amount present is very small, become enormous. 
A rough idea of the pressure of imbihitioii is got from the 
contraction of starch and water (p. l.Ah). The product of 
the internal pressure 1’, and the compressibility /3, is 
approximately constant: r/il = c = 0'572. (Po = M X 10*, 
j3o = •5’2 X 10"'.) As the 9'8 g. of water contract to 
3'01 C.C., the average pressure producing this contraction is 
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which gives P- = 8'6 X 10^. Fronj this va’ue we get an ' 
appvoxiniate heat of imbibition of 1'2 X 10* cal., which 
gives IlM) cal. pci' g. of starch, the experimental value 
being only 30 cal. Similar fcrccs come into play when 
elastic gels are dried in other ways: ejj. gtas.5 plates 
coated with gelatine and then dried often become double- 
refracting, owing to the strai.',i, and if the glass is thin it 
may become-very curved. Similarly, if an clastic gel in 
a gla.s.s or porcelain di.sh is dried up in a desiccator over 
sulphuric acid or in very dry air, it not infrer[Uontly 
happens that the .surface of the basin is torn away with 
the gel as it contracts. 

Heat of Imbibition. -Wlici. a gel takes up water heat 
is given out, a,s the following figures show ;— 

i;al. per g. gol. 

Gelatine.b'? 

Starch.6'0 

Gum arabic.9 0 

„ trag.acanth .10'3 

Now the solatiou of a gol absorbs beat, as heat is 

evolved when emulsoids are coagulated; hence it is 
difficult to arrive at correct values of the heat of imbibi¬ 
tion. Exjieriments on starch with known amounts of 
water show that the greatest amount of heat is evolved for 
small amounts of water, as is only to be expected, since 
only a small fraction of the w'ater is difficult to remove, 
and reijuires a high temperature to do it (p. 158). 

The value for gelatine is for air-dried sheet, which 
contains about 15 per cent, of ugiter. A re-determination 
by Bradford with sheet dried at 110'* for 24 hours gave a 
mean value of 33 cal. per g. corrected for the solution of 
part of the gelatine, the value of which is - 37 eal. per g. 
solated. This agrees with the value of 30 cal. per g.' 

M 
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wliioli Rodewakl obtained for starcli dried over sulphuric 
aoidd 

Velocity of Imbibition.—Keinbe iisiul tlio oedomctor, l)y 
means of which he measufcd the i>ressuro of imbibition, 
to determine the velocity of the process. Since tlie discs 
of seaweed do not change in area, only in thickness, it is 
easy to (ind the velocity by determining the change of h 
with the time, the pressure on the piston being constant 
and the amount of gel being known. 

If 10 , is the amount of water taken up in the time t, 
and the maximum amount which can be taken up 
under the conditions, we have— 


(fi- 


1 


k = 7 loo - * 

I ' — u, 


The table contains the results of such an experiment. 


t (miu.) 

•to. 

k. 

1 {min) 

■w. 

k 

1 

40 

0-108 

15 

306 

0-095 

4 

121 

0 0'.I2 

20 

345 

0-l()5 

« 

201 

0 tmo 

24 

372 

0-121 

' 12 

2 r .8 

0 090 

00 

392 

— 


just 

of wafpl'e'oister “ determined the velocity of imbibition of 
the amoU plates of agar and gelatine (0'5 mm. in 
A rough id&.l'y weigliing the plates at stated intervals 
contraction of the weighing took some time, the times 
the internal pr{?.xaot. The same formula holds for his 
approximately consi 
= 5-2 X 10-=,) A 

3'0l O.O., the average pre.3'is. Chem., 188.5, 26,147 ; 1883, 

!)-8 


iyi8, 12, 351; Rodewald, loc. at, 


3-01 ‘ 0, 27, 8>J5. 
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Gelatink Plate. 


/ (rnilj). 

» fed- 

k. 

t (min.). 

10 ('!). 

k 

5 

d od 

o-otio 

20 

4-.58 

0064 

10 

tl’HS 

0084 

25 

4'07 

0-075 

15 

4Yti 

0084 

00 

4-1)6 



Imbibition in Solutions.--Hufmoistiic' extended his 
investigatioiiiS on iniliibition to .salts in water, in order to 
find the dislrilmtion of the solute between the gel and the 
solution. Ho found, however, tliat both the velocity of 
imbibition and its ainonnt varied con.siderably with the 
nature of tlie solute. He used thicker plates of gel, so 
that iiiaxiuiiun values were not obtained. The plates 
were soaked in .solutions of .salts and of iiidillereut 
substances, the coneentrations varied from D'.i m to 4 m. 
Remarkable dilfereuees were oUservod, the imbibition in 
some solutions being as much as live times as great as in 
other solutions of equivalent concentration. 

Arranged in order of increasing elfcetiveness in pro¬ 
moting imhiliition, the scries is— 

sodium—sulphate, tartrate, citrati', acetate; alcohol, 
glucose, cane sugar; 

(water); 

chlorides—potassium, sodium, ammonium; sodium— 
chlorate, nitrate, bromide; 

to which might be added iodide and tliiocyanate, both 
coming after sodium bromide. 

Tlie substances before water hinder imbibition, less 
water being taken up in the .same time, and also less water 
taken up in the maximum, uHiile the salts after water 
favour imbibition. The order is again the lyotropo series 
which we have come across so often. As already seen, 
the modulus of elasticity is affected by salts in the. 

* Arch exp. Fhysiol. Path., 1891,28, 210. 238. 
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lyotrope order; this ^ the same series in the reverse 
order. As was to be expected, a substance which renders 
i gel more easily deformed (reduction of E) will favour • 
mbibitiou. Tiiere is a still closer connexion between 
;he ell'ect of salts on gelation and imbibition, so that the 
curves representing the effect of any salt on these processes 
are practically reciprocal, m. what favours gelation 
hinders imbibition, and conversely. 

The effect of .salts on imbiliition by gelatine has been 
tlie sul)jcot of much research and criticism. The existence 
of a maximum of imbihe<l water is called in ([uestion, as is 
also the lyotrope influence in imbibition, as well as in 
other properties of gelatine (p. 125). It has been found 
by Shreve * that though the Hofmeislor series holds when 
gelatine is ma.le up with water, and placed in solutions of 
m ammonium chloride, m sodium chloride, rn sodium 
bromide, (water), 2 m and m ethyl alcohol, 2 m and m 
sodium citrate, 2 m and m sodium tartrate, m ami 0 5 m 
sodium sulphate, yet when dry gelatine is made up with 
these solutions, or when a 28 per cent, get is allowed to 
absorb 0'2-0'3 of its volume of these solutions at 
the rale of imbibition is increased. 

She also found that between 10° and 35°, beat favours 
imbibition, although the reaction is exolhormio, but that 
Le Chatelier’s law does not apply, since the e(piilibrium is 
apparent only. Eiu'ther research is necessary in these 
directions, but it seems unlikely that imbibition does not 
approach a detlriito maximum, in solutions at least, 
unless some other phenomenon, as .solation, intervenes! 

When a gel undergoes'imbibition in a solution, it take.s 
up both solute and solvent, but in different amounts which 
depend to different extents on the concentration of the 
solution. The water taken up increases with the con- 
Science, N.S. 43, No. 1239; Jour. FranlcUn Inst., 1919, y. 319. 
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ocntration ot the solution to a ma/lmum (at about li per 
cent, solution of NaCl), and then decreases slowly as the 
concentration increases. The amount of salt taken up 
increases with the concenliatioii, and always approximately 
proportionally to the concentration. 

In the presence of salt (NaCl), the amount of water 
imhihed exceeds that taken .p in pure water, the increase 
hein" from 0 2 to 18 per cent. Not only is the amount 
larjjer, hut the velocity is also increased. In a 5 per cent, 
solution of NaCl, the total amount was "loatcr, and the 
rate much greater. 

The action of acids and bases on I ho imbibition by 
gelatine is siinilai' to the action of salts. At small con¬ 
centrations (0’005-0'01m), imbibition is less than in 
pure water, roache.s a minimum and increases to a 
maximum at 0'025m, both the rate and the amount being 
greater; the lattei- is 8-4 times as great as in water. 

Tiik Stuuctuhe oi' Gels 

As omulsoid sols are two-phase liquids, aud as gels 
are obtained from them by cooling or by evaporation, the 
conclusion is natural that gels possess the same .structure, 
i.e. the two liquids persist from the sol stage. The 
structure then is cellular, the walls being a highly viscous 
solution enclosing a more dilute solution. 

This is confirmed by observations in many directions, 
at least so far as the cell walls are concerned. Van 
Bemmelen and Butschli, in particular, have examined 
the micro-structure of a scries of precipitates and gels. 
These structur(!s are more or less after the honeycomb 
pattern, and are recognisable in plant and aniuiid cells 
and tissues, aud also in albumin or gidatine acted on 
by heat, tanidn, alcohol, chromic acid, etc. Albuiqia 
structures arc open network, with a mesh of 0'5-l.'5 /r; 
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gelatine gels over 7 jfer cent, form closed nets, and open 
network below 7 per cent.' 

Pauli and others liave expressed doubt as to this' 
structure, maintaining thaV it is not pre-existent in the 
sol or gel, but is a secondary structure of the altered gel.® 
According to von Weimarn, these structures are secondary, 
the honeycomb appearance‘being probably an optical 
effect due to overlapping of grains, “exhibiting various 
structures—network, lioneycoinb, rayed, dendritic —under 
the microscope, unless the preparation consists of a single 
layer of detached grains. All these slriutures are of 
secemdanj formation, the only oriyinal structure of these 
precipitates is thefine-rjrained erystalHnc structure," 

Hatschok “ has shown, from the stress-elongation 
curve, that the two-liquid [iliase hypotluisis is not valid. 
He also investigated tlic shape of gas bubbles generated 
in gels, and found that the bubbles are at riglit angles 
to pressure, and parallel to ten.sion applied to the gel; 
the simplest structure conforming to the conditions is 
that of piled sliot, which agrees with the glohulitio 
structure observed by Baohmann * in the ultra-microscope. 
Zsigmondy and Baohmann,* in examining the gelation 
of soaps with the ultra-microscope, also observed the 
formation of aggregates with crystillinc properties. 

Finally, Bradford,* in a series of researches, has 
applied vonWeimaru’s theory to the gelation of omulsoids 
with conspicuous success, showing that the process is 

' Bommolen, Ber., 1878, 11, 2232; 1880, 13, 1466. 

* Pauli, Dcr KoUoidale f^ustcMd, 1902. 

» Ilatschek, KoU. Zdtsch, 1912, 11, 158; 1914, 16, 22G; Trans. 
Faiad. Soc., 1917, 12,17. 

* Bachmanu, Zellsch. anorg. Chem., 1911, 73, 160. 

* Bacbinauii and Zsigmoudy, 2Zoll. Zeitsch., 1912, 11,14.5 

f" Bradford, Hcience Prog.y 1916, 10, 369; 1917, 12. 03. Ihochem. 
J., 1916, 10, 109; 1917,11,14; 1918,12, 351; 1920, 14,91. 
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one of crystallisation. The sflall diffusion constant 
of the einulsuid retard.s the crystallisation of the sol, 
so allowing the accumulation of a large excess con¬ 
centration, , which, along witn the large value of K in 
von W'eiinarii’s formula, causes gelation qn cooling. The 
small crystallisation velocity, which also is duo to small 
(lilfusion constant, is responsible for the permanency of 
the gel and the hysteresis of the sol, since it prevents 
subseiiuent development of larger crystals in tlie former, 
and retards changes in the aggregation of the latter. A 
gel thus comprises two pli.ases: an ultra-microscopic solid 
phase, bathed in ali(|uid dispersion medium, from which 
it has crystallised, and wnicJi it retains partly by 
molecidar and partly by ca|iiilary forces. The ultimate 
solid pai lacles of gels arc probably spberitei., tliis being in 
agreement with tlieir ultra-microscopic appearance, and 
also with the possibility that gedatino can bo obtained in 
this form. 

It is curious to note this retui ii to the earliest theories 
of gels, put forward by Eraiikeubeim in 1835,' and von 
Niigeli in 1858.^ 

* I’Vaiikfinbeim, Die Lehre v. J. Kolmiion, 18:15. 

* JS.iyeti, rj(ameiii<Jnjsii>l(>‘j Untcisudiunij< it, 1853. 



PART II 

METHODS OF PREPARATION 

CHAPTKK XII 

INTIIODUOTION 

The preparatijii of a sol, a disperse system the dispersity 
of wliieh lies liotwccn certain limits, must obviously 
follow one of tvve. lines; either the dispersity is increased, 
or it is diminished. In the former case, we start with 
the (ma.ssive) solid, in the latter, with the substance in 
the form of molecules or ions in solution or vapour. If 
the process of solution of a crystalline solid in a liquid 
is regarded as a continuous change, the dispersity of the 
solute continuously increasing, and the crystallisation of 
a solid from solution regarded as the reverse process, it 
is evident that every system during the processes of 
solution and cry.stallisatiou passes through the degree of 
dispersity corresponding to the sol stage. 

There are then two main groups into which the 
methods of preparation fall, 

I. Crystallisation Mefhod.s, and 

II. Solution Methods. 

All the known methods come under these two heads. 
The electrical dispersion method of llrodig, and the later 
modifications of it, may appear to be possible exceptions 
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but are almost certainly to bo regaAed as ciystallisation 
methods. It is, bowovor. convenient to treat them as a' 
separate group. 

Svedbergl has prepared h’ydrosols of mercury by 
various methods, and has ascertained the range of size of 
the particles in each, with a view to ascertaining _ the 
mechanism of electrical synthesis of colloids. The 
nctbods were: 

(1) shaking mercury with water or aqueous solutions, 
hill lamellie of mercury being disrupted. 

(2) Supei'-heiited mercury vapour passed into water. 

(3, a) Direct current arc. 

(.'I, h) Alternating cuiTcnt arc. 

Tlie order is as follows:—■ 

(o, !)) 2.3 per cent. < 105 /j/i; G per ci'nt. > 15U() fif,. 
maximum: very acute, 100 yy. 

(2) .5 per cent. <; 85 /i/i; 3 per cent. > 2500 yy. 
maximum : good, 100 yy. 

(3, a) (At 9° C.) 3 per cent. < 110 /ly; very few > 
2000 yy. maximum: very good, 135 pp. 

(At 50° C.) O’C per cent.< 110 yy. 
maximum: poor, 170 yy 

(1) 4’7 per cent. < 120 yy ; 1 per cent. > 2500 yy. 
maximum : ]ioor, 120 yy. 

He concluilcs, therefore, tha*t solatiou by electric arc 

‘ KoU. Zviiscli., 1911), 24, 1, Vau Marum in (Istwald's Qeschichle 
d. KUUroclmme. t'aruday, Phil. Trans., 1867, p. 18, 147, 1.52. TLrel- 
fell, Phil. Mdfj , 1891, [6', 38, 450. Ehreillailt, Wteit. Her., lOiU, lllL ' 
(Ha), 830? 
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is duo to tlie foniiation of vapour, with 3ubse(iuent 
condensation. 

The classification is due to von 'Weimarn, and is 
similar to that adopted by Svedhorg, who, classifies the 
methods as Condensation Methods, and Dispersion 
Methods. In tlio former the disperse phase is produced 
by “ condensation ” from iins in solution, and llie latter 
includes all those inetlioils wliich start from a solid phase 
of low dispersity. It therefore takes in the electrical 
dispersion methods. In spite of a formal similarity, there 
is a considerable difference between the two classifications; 
the latter is somewhat arbitrary, especially as regards 
dispersion methods, some of which, as Svedberg states, 
arc more probably condensation metliods. von Weimarn, 
on the contrary, bases his classification on the continuity 
between coarse heterogeneity and the apparent homo¬ 
geneity of solutions, so that every crystallisation begins 
with the formation of a liighly disperse .system, a sol, 
and in every process of solution tlio solid phase, just 
before complete solution, forms a highly disperse .system, 
a sol. Thus, to prepare a sol it is merely necessary to 
arrest the process of crystallisation or of solution at tlie 
appropriate stage. 

Simple as this may appear, in practice it is not always 
easy to effect, and the art of preparing sols consists in so 
arranging the conditions that— 

(1) The disperse system is obtained in a fairly stable 
condition, and 

(1!) Its concentration is not too small. 

As a brief historical* sketch will amply show, the 
early preparations were mainly a matter of chance; some 
one aceidenUlly discovered the conditions mider which 
in particular sol was obtained in a stable form. As these 
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were multiplied, certain general cond^ions were, of course, 
recognised, more especially after tlie general ])roperties of 
sols Ijad become bolter known. It thus became p(jssible 
to classify metliods, and to ajip'y known methods wbich 
were likely to be .successful in any given case. 

It was not, however, until von Weimaru elaborated 
bis theory regarding the processes of crystallisation 
and .solution lhat systematic treatment became possible. 
As his tlieoiy has had highly im))ortant results, and has 
already led to the preparation of a very large number 
of sols, and is capable of almost indefinite application, 
it will bo briefly descrilicd. 

von Weiinaru’s Theory.—T'.\o ,d,ages in the separation 
of a crystal .solid from a solution must bo taken into con¬ 
sideration. The one is tlio “initial condensation” of the 
solid from the solution, whicli must take place in the form 
of a Idghly disj)erso phase, the size being apjiro-ximatoly 
that of the uiolecules or ions of the substance in solution. 
These “ amicron ” particles inereaso in size by two distinct 
processes: aggregation crystallisation, and ordinary re- 
crystallisation. In the former, when two particles come 
near enougli to each otlier, they bccouio similarly oiientod, 
and unite to form a laiger particle. In the latter, each 
crystal grows at tlie expense of tlie substance in the 
surrounding solution. The concentration and the stabilily 
of the disperse system depend on those two factors: the 
initial velocity of the condensation, and llio velocity of the 
growth of tlie crystals. Doubtless otlier factors are also 
ooncemod, which have been as yet uncousidered, and, in 
oonseqiienoe of their omission, tile results arc not quanti¬ 
tatively exact. 

For crystallisation to take place at all, there must he 
an excess of solute present, above that necessary for 
saturatien under the conditions of experiment. If (^_i3 
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he total amount of Solute in unit volume of the solvent, 
ud L is the solubility of the solute in the solvent, Q — L, 
the number of mols whiclr must lluully appear as a solid 
of oonstiint solubility L, hray bo regarded as the “ conden¬ 
sation pressure,” or the pressure under which the molecules 
begin to condense to crystals. Against this pressure we 
have tlie resistance of Ifie cysteni to condensation, whicli 
is not the same fur different solids or solvents. With a 
given oonilensation pressure, the “condensation resist¬ 
ance” uill vary with tlie solubility of the di.sperse phase, 
i.e. with tbe molecular cohesion of the dissolved molecules 
to those of tbe dispersion inedium. 

Since, at the outset, the disperse phase is praoticidly of 
the same dimensions as tbe molecular complexes of the 
solution (it is invisible or barely visible in the best 
ultramioroscopc), tbe initial I'eaction may be treated 
as homogeneous, and tbe velocity of initial coudon- 
sation 


,,, , conden.sation pressure , Q — L ,P 

W = /r , . = 7- ■ = /cU 

condcnsiition resistance L L 

in which i is a constant, Q and L, as above, the amount 
of solute in unit volume of the solution, and tbe solubility 
of the disperse phase in tbe dispersion medin m. P = Q — L 
is the actual excess of mols of solute in unit volume, and 
p 

U =£13 the sped lie supersaturation at the initial conden¬ 
sation. 

The second factor, the velocity of tbe growth of the 
particles of tbe di.sperse phase, is expressed by the Noyc,s- 
Nernst formula— 
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in which D is the diffusion coefficienV; 

8 tlie thickness of tlio adhering layer (of nnifoi’in con¬ 
centration, equal to the length of the diffusion 
path); * 

S the surface of the disiierse phase; 
c tlic concentration of the solution ; 

I the solubility of the disperse plmse of given Jis- 
I)eraity; 

c — I the absolute superaaturatinn. 

I'or the crystallisation of a pure li(juid the correspond¬ 
ing equations are—- 

T — T 

W = ' -= /rU 

where T — 'I’j = the absolute over-ciadiug; 

11 = the latent heat of ciysialli.satiou ; 

U = the specific over-cooling. 

And V = g S(f - T,) 

where 11 = the coefficient of thermal conductivity ; 

I = the melting-point for given dispersity ; 
and the other symbols have the same significance as 
above. 

Let us first consider the velocity of condensation. In 
the first place, the factor of primary iinportanoe is not P, 

the absolute excess of solute, but j, the specific excess, 

An example will make this clear With a given value of 
P (say, a few grams per 100 c.o.), a very soluble sub¬ 
stance, as, e.g., sodium chloride* will deposit nothing at 
first, and finally a few crystals will be formed. With the 
same value of P, an almost insoluble substance, as silver 
chloride, will give an immediate curdy precipitate. 
Owing to the large value of L in the former case, tlje 
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velocity of condeusatibn is miicli smaller than in the latter 
'case. 

I’he value of P, nevertheless, is not without infliienco. 
The results are very diffefont, according as a given value 
of U is given by a large P or by a small L. In the one 
case, a large amount of disperse pliase must be produced, 
in the other very little; if V is largo, the funner will give 
a concentrated gelatinous precipitate (a gel), the laltor a 
large number of higlily disperse particles (a sol). Thus, 
by suitable alteration of P or L or of both, we can secure 
the initial separation of the disperse phase in any desired 
form. 

The duration of the disperse phase in this form is 
governed by the second formula, which expres3e„s the rate 
of growth of the disperse phase under the conditicujs pre¬ 
vailing. The smaller the absolute supersaturation (c — 1) 
is. the smaller is V and the greater the stability of the 
disperse phase. Tlie same result is attained by decreasing 
D, the rate of diffusion; this occurs if the solution is very 
concentrated, in which case the disperse phase is also very 
concentrated, and further increases the stability. 

The conditions for obtaining a stable highly disperse 
phase are, therefore, small value of P and a corresponding 
small value of L, in order that U may be sufficiently large 
to give a large niimher of points of crystallisation. Suit¬ 
able values of P may be obtained by any of the usual 
means, as, e.g. (a) rapidly cooling a concentrated solution 
to a sutticient e.xteut; (i) adding a solution of the sub¬ 
stance to a liijuid in which the solvent is completely 
soluble, hut in which th& .solute is practically insoluble; 
(c) production of the disperse pliaso by a chemical reaction 
between substances wliioh are sullicienlly soluble to give 
the desired value of P. 

k .scries of illustrative examples may now be given. 
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(1) Sodium clilorido is so solubR! in water (L large) 
that, even if it were possible to obtain a siiHieiently large 
vnluo of P, tliesiispensoid stage would bo of short duration, 
owing to tho japid growth of tlfb crystals in the concen¬ 
trated solution. 

(2) ' P.ut if sodium chloride is produced by the iuter- 
activn of sodium ethylate 0 - sodium thiocyanate and 
hydrocliluric acid in, say, a mixture of ether and amyl 
alcohol, in which sodium chloride is practically insoluble, 
a curdy or gelatinous precipitate, similar to silver chloride, 
is formed 

(3) If the concentrations in the above reaction are so 
chosen that P is not too large, a stable suspeasoid sol of 
sodium chloride will be formed. 

(4) If an a([ueons solution of silver nitrate, saturated 
at 20°, is cooled in liquid air, a clear glass is obtained, 
which contains the silver nitrate in the form of a highly 
disperse phase ahjiig with ice. This sy.stcm is stable at 
low temperature iu spite of the large value of P, because 
diffusion is reduced to zero. 

A fuller examination of the case of barium sulphate 
will he found of interest. Tire solubility of barium 
sulphate at 1S° is 0'00024 g. iu 100 c.c.; this is not very 
insoluble, louipuied with, f y. aluiuinimii hydroxide or 
even silver iodide. It is so large that with solutions of 
barium nitrate or chlorido (the ordinary reagents) and tho 
ordinary laboratory solutions of sulphates, the values of P 
obtainable are not large enough to give large values of 
U; and for tho same reason the Suhsiajueut growth of the 
crystals is rapid. Under ordinary conditions of pre¬ 
cipitation, therefore, barium sulphate is obtained as a 
more or less immedirrte, crystalline precipitate, which, of 
course, i: exactly whrrt is wanted for arralytical prtrpose.t. 
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By making use of imore soluble sails, as, e.fj. barium 
tbiocyaiiatO'(Ba(CNS) 2 ,31120), and niangaiinus sulphate 
(MnS 0 ^,-ni 2 ()), it is possible to obtain barium sulphate 
in any form, from a clear gelatiuous mass to a clear 
solution. The equivalent solutions are mixed in equal 
volumes; correspondingly large volumes of the very 
dilute solutions must be used, otherwise there will not be 
a visible quantity of barium sulphate to separate out. 
Strictly, the product of the volume and the concentration 
should be a constant. 

Tlic following table, given by von Woimarn, indicates 
the nature of the precipitate:— 


Jxiuiviilcnt 

1’ 

^=f 


coticmiirAtion 

of 

Ij 


of tli<‘ nuiRi uts 

IU ''04 

(L = 0 Ouulig. 

Nulurp of the 

(") 

(g In luo c.c ) 

In IDO C.C) 

prci iplute. 

0 00005 

0 

0 

No prccipitato in a year— 

to 

0-00014 

0-0006 

3 

muipo-crystiils to bo ex¬ 
pected in a few years (macro- 

0-00014 

0-0()06 

3 

crystals from large amounts 
of snlutiou). 

Slow precipitation at U = 8. 

to 

0-0017 

0-0006 

48 

Su'^pensoid stage at U = 26 
(momentary). Complete 

0-0017 

0 0006 

48 

separation m months to 
hours. 

rrceipitation in a few seconds 

to 

0 75 

4 38 

21,000 

at U 48 Beyond this, 
instantinioousprecipitatjon, 

0-75 

4-33 

21.000 

Crystal skeletons and 
noedlos. At U = 21,000 
crystals are barely recog- 
iii.iable. 

linmcdiato formation of 

to 

3 

17-51 

87,500 

“ amorphous” precipitates. 

3 

17 51 

87,500 

Cellular clear jolly. 

to 

7 

40-0 

20^600 



It is clear from this that to get a suspensoid of barium 
sulphate, it is neco.ssary to diminish L, since to increase P 
leads, as was to be anticipated, to the formation of a 
[concentrated) gel. This can be done by the addition of 
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alcohol to the water. The sns|ien.si!licl stage appears to be 
most stable at about U = 8. detaining tlfis value, anil 
weiliicing L to oiie-tciith of its value in water by means of 
alcohol, we must also reduce Q^o one-tenth ; the velocity 
of growth will also be reiluceil to the same extent. The 
excess of barium sulphate in 100 c.e. i.s redneeji to 
O'OOniS g. and tin' stability the disjieisephase is greatly 
increased, h’or the .sol to be stable, the solubility of the 
dispeise phase ininst not exceed 0 0001 g. in 100 c.c. of the 
dispersion medium. 

The dill'erences in the nature of the preiipitate, 
according as the appropriate value of U is attained by 
change in P or in L, are foul er illustrated by a com¬ 
parison of the barium sul[ihato gel obtained by the above 
method with 7 u. sidutions in water (!' large, L un¬ 
changed) with the gel obtained by Kate’s motliod (p. 200), 
in wliiob solutions of suli)liuricacid and of barium acetate 
in a mixture of alcohol and water (P smaller, L reduced) 
also produce a gelatinous precipitate of barium sulphate. 
The two precipitates are very similar in appearance, but 
their behaviour on dilution with water is strikingly 
different. The former gives at once a den.se white 
crystalline precipitate, while the latter forms a clear sol, 
or is at least converted into an opalescent bluish sol, 
which is very stable. On the addition of an acid, as 
hydrochloric acid, a white prccipilati! is at once produced, 
owing to the increased solubility of the barium sulphate 
in the acid liquid, and the consequent rapid growth of the 
particles. 

One further instance may* be given which shows 
clearly how the necessary conditions for a sol or a gel 
may be calculated. The solubility of aluminium hydroxide 
is so small that it is impossible to determine it. We 
may asaume it to be 10 times less soluble than silver 

N 
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ioBide, say, 10"® g, in'100 c.o., wliioh is 20,000 times less 
than that of haihmi siil|)hate. With the latter gels are 
ohtained at P = 17 5; a similar precipitate of aluminium, 

It 17 5 

hydroxide will be obtained at P = ,,Q|j-QQ = O'OOOO. 

This is confirmed by experiment. At a concentration of 
O’OOOS g. Al(()lf )3 in 100 f.c. the preciiatate is highly 
disperse, above O'Ol g. it is a gel. When, as here, the 
amount wliich separates out is so minute, there is not 
enough to form a skin on the drops, and a network or a 
fine-grained gel or gelatinous precipitate is obtained. The 
third stage of the table is not attainable at ordinary tem¬ 
peratures, as the concentrations are too small; but at the 
boiling-point a miorocrystalline precipitate is formed at 
P = O'OOOP g. Ammonia increases the solubility to such 
an extent that largo microcryslals are readily obtained. 

Summarising, we have— 

1. Substances which are very soluble. The susponsoid 
stage is only reached at large values of U, and the result 
is a concentrated suspensoid sol, a gel. If U is small the 
suspeusoid stage is not recognisable. 

2. Substances of small but measurable solubility (about 
10"^ g. in 100 (!.c.). The suspensoid state is reached at 
both large and small values of U: the former gives a gel 
as in 1, the latter a suspensoid sol of small concentration. 

3. Substances which are practically insoluble. At 
small values of U, the suspensoid stage is not recognis¬ 
able; with large U dilute sols are obtained. A gel 
is obtained only at extremely large values of U. 

4. However small tha solubility, the precipitate is 
ohtained as crystals with small values of U, if the volume 
and interval of time are sufficiently large. 

5. Every highly disperse system obtained by the 
diystallisafion method strives to diminish its dijpersity, 
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because the smallest particles are wore soluble tlian the 
larger. 

A brief disciis.sion of von Weimarn’s theory <if the 
solution nictbod will be fomnl i.li p. 210. 

The crystal!i.sation nietliods may be classified as 
fiilbiw.s, and will be described in this order:— 

1. Cooling a solution or liquid. 

2. T’cplncing one liquid by anotbor. 

3. Reduction methods— 

(a) By hydrogen, carbon monoxide, acetylene, 
hydrazine, etc. 

(h) By phosphorus. 

(c) By organic suhstaoces, witli or without pro¬ 

tection. 

(d) By metals, or kations. 

(«) By kathode reduction. 

4. Oxidation— 

Sulphur from hydrogen sulpliido and air or sul- 
pluir dioxide. 

6. Ilydridysis— 

(a) Of metallic salts. 

(b) Of other compounds, e.ff. .silicon sulphide, ferric 

ethylate, etc. 

6. Precipitation mothod.s— 

(a) No electrolyte produced. 

(i) Electrolytes produced, with or without pro¬ 

tection. 
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CRYSTALLISATION METHODS 

I. Cooling Solution 

A FEW c.c. of a 0'02 jier ’cent, sohilioii of sulphur (or 
phosphortis)iu alcohol is cooled in liijuid air; a clear glass 
is obtained, which is a highly disperse solid sol. This is 
evident when the tnba is allowed to warm up to room 
temperature. The li({nid becomes opale.scent blue, chang¬ 
ing to white as the temperature rises. This is succeeded 
by a blue opalescence, anil the sol gradually passes into 
a solution. 

An icc sol can be prepared in a similar manner. 
When a very dilute solution of water in ether, chloro¬ 
form, or .Nylcne (or other liquid of low melting-point) 
is rapidly cooled in liquid air or in a mixture of alcohol 
and solid carbon dioxide, the water crystallises out as 
highly disperse ice, and a liquid sol is obtained. 

This method can be extended indolinitely to either 
low or ordinary temperatures, and to gases, liquids, or 
solids. 


II, Pepi.acembnt of Sw.vent 

In this method the solvent is replaced by a liquid in 
which the solute is insoluble, and thus appears as a 
disperse phase. The preparation of a' m.istic sol or a 
gamboge sol is the classical example of this process. 

Otm mastic is insoluble in water, but is readily 
soluble in alcohol or ether. When a dilute alcoholic 
solution is added gradually to a quantity of water, with 
constant stirring, the gum is suddenly precipitated in a 
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highly (lispei'se coiiLiitioii, and, owing to its insolubility, 
llio dispcrsity does not apprcc»l)Iy diminisli. Here wo 
Imye a small value of 1’, while is very small, and IT is 
large, wbichd'ullil the necessary conditions., If the mastic 
solution is concentrated, or if a large quantity of it is 
added to the water, a gel is obtained which is also fairly 
stable. The method is obviously capable of almost in- 
delinite extension. A few in.stancos will sullice. 

(1) f^iiJjihnr (Selenium, Phnqthnrus) 

The solullility of sulphur in alcohol is O'd.b g. in 100 g. 
at 18°, and O'd g. at 78°; of phosphorus in alcohol, 
0‘3 g. at 18°, and 0'4 g. at 78°. lioth are practically 
inisoluble in water. Crystallised selenium is insoluble 
in alcohol, but dLssolvcs in carbon disulphide, itssolnhility 
being 0'02 g. in 100 g. at 40°. 

To prepare sulphur or phosphorus sobs, 5-25 c.c. of 
cold .saturated solution are slowly a<h!cd to 1(100 c.c. of 
cold w'ater, with vigorous stirring. The sols are colourless, 
with a bluish opalescence, and are stable for days or weeks. 

Tor the selenium sol, 6-25 c.c. of a hot saturated 
solution are similarly added to 1000 c.c. of cold other 
(water cannot be use<l, as carbon disulphide also is insoluble 
in it). It is of a beautiful rose colour with a metallic 
sheen, and is as stable as the others. 

(2) Siher lodich 

Complex salts or double salts, one of whose components 
is an insoluble wit, and which are decomposed by water 
into their components, may yield sols. Thus, if silver 
iodide is dissolved in potassium iodide, and the solution 
poured into a large volume of water, a silver iodide sol 
is obtained. Its stability is increased by the potassium, 
iodide, which at very small concentrations diminishes the 
solubility of silver iodide. 
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(3) Gdaline (or Aijar) 

If a very dilute solution of gelatine or agar in boiling 
water is porfreil into a large volume of boiling alcohol, 
extremely stable suspensoid sols are obtained. 

HI. Reducuon Methods 
\ 

Historical tSIceleh .—The potable gold of the alchemists 
was proliably a gold sol, since it was a solution of gold 
salts in ethereal oils; these .slowly reduce gold chloride 
with production of gold sols. The production of a red 
gold solution by the action of a tin solution on gold 
chloride was described in a text-book so long ago as 1749. 
In 1794 was published an elaborate research on the colours 
produced on silk dipped in solutions of gold salts, and 
subsequently treated with hydrogen or phosj)horus in 
ether. Red and purple shades were obtained. 

Out of many early references, niention may be made 
of reductions with hydrogen and jihosphiue (1811); of the 
action of egg-white and of isinglass, which gave reddish- 
jiurple sols; and of starch, which gave blue sols. We have 
here very early (18111) the action of “protective” colloids 
in conferring stability. Gold chloride w.as also reduced by 
hydrogen and hydrogen sulj)hide, by gallic acid, and by 
oxalic acid, etc. (1822). Finally, Berzelius, iu his Lehr- 
hucli (1844), gave many recipes for the preparation of gold 
sols of different colours, 

Cui’iously enough, in spite of this wealth of recorded 
observations on gold soLs^ they wore discovered anew by 
Faraday * in 1856, who obtained them by reduction with 
phosphorus in ether, and wore rediscovered once again 
by Zsigmondy^ in 1898. The latter also rediscovered 
Farailay’s work, while both apparently knew nothing of 
all. the early work. All the earliest work seems to have 
been confiF.ed to gold, no doubt partly because of its 

- ' I’M. Trans., 1867, 145. • ArsnaUn, 1898, 301, 29. 
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iilcliemistic importaiico, partly because of its ready 
reduction. Wohler* reduced dry silver mellitate or 
citrate by means of hydrogen gas at 100° ; a brown mass 
was obtained, which di.ssolved in water with a yellow- 
brown colour (1839). Carey Lea’s ^ reduction of silver 
solutions with slrfuig solutions of ferrous citrate gives 
g(d3 coiitainiTig also ferric ion (which probably acts 
as a “protector”), from which the sol is obtained by 
wa.shing out the citrate, b’roui the precipitating clfcct of 
citrate, the sol would ap[)ear to bo positive, ie. the 
negative silver sol -1- excess of Ee"' (see p. 139). 
Carey Lea rogiirdod the gels as “ allolropic ” fornis of 
silver. 

The modern history of reduction methods begins with 
Zsigmondy's rediscovery of gold sols by the reduction of 
a faintly alkaline solution of auric chloride with form¬ 
aldehyde. He sought out the conditions for obtaining, as 
often as required and with small risk of failure, a uniform 
highly disperse gold sol, which was at once stable and 
sensitive to reagents. Enrther, lii.s method could be 
applied with but slight inodilication to other noble 
metals. This was done by Lottermnser® (1901), who 
prepared platinum, pallailium, rhodium, .and iridium sols 
by this method. By taking advantage of the supersatura- 
tion, Zsigmondy * has devi.sed a method by which a gold 
sol may be prepared c)f any desired uniform dispersity. 
A small amount of a highly disperse sol is prepared by 
reduction with phosphorus; a little of this is added to 
induce reduction in a mi.xture of gold salt, carbonate, and 
formalin; and finally a little of the latter is added in the 

* Pogg. [ii.] 36, 629. 

^ Amer. J. SciencCf 1889, [iii.] 37, 476 ; 38, 47. 

^ Ueber anorg. Koll., 1901. 

* Plachr. K. 0. d. IViss. (Jottiiigcn, 1916, p. 177 ; ref. Koll. Zatsik', 
1919, 24, 75. 
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same manner to the required amount of fjold solution. A 
highly disperse, very stable sol is thus obtained. 

AocordiiijJ to von Weiniaru’s theoi'y, the preparation 
of stable higlily dispeise sols of metals by, reduction of 
their iojis in solution should be an easy matter, for the 
metals are insoluble in the dispersion medium; thus it is 
easy to have a large value q' U with very small P, and 
vanishingly small L, and practically no D. llcuce 
there will ho a very large number of points of conden¬ 
sation, and no subsequent growth in the solution, for all 
the ion will have been changed into metal, which i.« 
insoluble. 

This is the actual experience, but there is a dilliculty 
of a different origin. The highly disperse sols are 
precipitated by traces of electrolytes, and these may be 
produced by the reduction or be present as impurities 
in the water. On this account many inorganic leducers 
are inadmissible, especially acids and .salts, as their ions 
are usually powerful precipitants. If they arc used, pro¬ 
tective colloids must also be present. When stannous 
ion is used as the reducer, stannic acid is formed along 
with the metal sol, and so stable sols are obtained. 
Examples of this are the purple of Cassius, the alchemical 
preparations of gold, and Lottermoser’s preparation of 
mercury, by means of stannous chloride. Pure suspensoid 
sols are usually not stable unless very dilute, so that if 
concentrated sols arc wanted, as they may be for medical or 
technical purposes, recourse must be ha<l to the stabilising 
action of protective colloids. 

Paal* has elaborated a method which makes use of 
two degradation products of egg-albumin, which he names 
protalbic acid and lysalbic acid. Their sodium salts are 
jbtained by the action of sodium hydroxide on albumin; 


‘ Bcr., 1902, 36. 220G. 
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they exert a ijoweil’nl protection, and at the same time are^ 
strong reducers. 'J'hoy may be used alone, or in con¬ 
junction with other reducers, aij hydrazine, sodium amal¬ 
gam, etc. Other.s, too, have einjdoycd protective colloids 
for the same purpose. These sols are not so mseful for 
many scientific purposes,as llicirpi'o|HTties dilfor so much 
from those of the pure .sols, fcut they are extraordinarily 
stable, and may he dried up to hard, metallic-looking 
grains, which after years will completely solate when 
placed in water. It is very doubtful whether their 
physiological activity is at all comparable to that the 
unprotected sols. 

Kathode reduction may give rise to sol formation. 
Billiter* obtained a yellow-brown mercury sol at the 
kathode when a()'004 11 . solution of mercurous nitrate was 
electrolysed. lie employed a JJ tube with side tubes, 
the bend being plugged with glass wool. On prolonged 
electrolysis at 220 volts and 0'2-0‘3 ampere, the solution 
was converted into a tnrhid gray liguid. 

The purity of the water is an important factor in the 
production of stable sols, liourdillou’s method of distilla¬ 
tion^ is simple ami most effective. Usin.g this water 
(k = 0'3 to 1 X 1 O'® ndio), the author has obtained brilliant 
stable sols ol' gold, silver, ferric hydroxide and arsonious 
sulphide. Naturally it must also be used for the dialysis. 

It is quite impossible to deal exhaustively with all the 
reducers which have been employed successfully. Full 
details are to be found in Svedberg’s invaluable hook.S 

Among the reducers which have been found effective 
are the following;— 

' Bcr., 1902, 38,1929. 

® Bhcm. Soc. Joimi., 1913,103, 791. 

Mctlicden z. Darslellung Kolloider Liim7igcn, 1909. 
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IU‘<ln/'pr. 

Sol. 

Aulluir. 

Hz 

\! 

Kohlschultor • 

CO 

All, Pd 

T)onau ® 


Ag 

Kohlschuttor ' 

SO., \ 

Ag 

V. d. Pfordten* 

lIjTO.f 

Se 

Schiilzo * 


Te 

Giitincr ' 

P 

Au } 

Faraday ® 
Zsigmondy ^ 

Tcipenos, alcohols 

Au 

Vanino * 

Acclyh'uo 

Au 

Blako* 

FoniiaUlohvde 

Au 

Zsigmondy' 


J’t, Pd. Pli, Tr 

Pottermosor 

,, + biliL-ic acid 

All, Ak 

Kuspert " 

Acroleiu 

Au, Pt, Pd, (Jb, Pii 

Castoro '• 

Carhohydrutoj 

Au 

Vanino 

N.,H, 

/Ag, Au, Pt,rd li-, , 
tSc, To 

Outbioc'* 


An, Te 


o.iiAir. 

Au, Te 

„ 

With Pioteclivc 


Protalbatos anu lysalhalo^ 

Ag.O (to 80%) 

P.i.il 

+ N,II. 

Ag («»%) 



An (!(.'{%) 

Pt (78%) 


Prolalhato + IF., or N.ll, 

i'll (76%) 


Lysalhato -l- Nallg 

Ir (40%) 

I'j 

„ H N;tl, 

Cu (rod and Miic) 

Cu (brown and lihic) 
So 


Polyphonolrf 

Au, Pt, Ag, Kg 

I Irlincll 

PhoDoI acids 

Au, Ag, Pt 

Oarbowski 

Fo‘* (citrate) 

Ag 

Catoy r>ca '* 

Sn 

Hg, Bi, Cu 

Lottermoser*® 

‘ Zeitsch. Elelctrochem., 1908, 14, 49. 



* Monatsh., 1905, 26, 525 ; 190(3, 27, 71. => Jicr., 1885, 18,1407. 

* J. pr. Chem., 1885, [ii.J 82, 390. 

* Zeitsch. anorg. Chem., 1902, 32, 51. 91,108. " hoc. nt., p. 179, 

' Loc. cit, p. 179; also Zeitsch. anal, Cliem.,1001, 40, 697. 

" Bcr., 1906, 39, 1690; 1905, 38, 4(33. 

* Amer. J. Science, 1903, [iv.] 16, 381. Loc. cit., p. 179. 

" Her., 1902, 35, 2815,4006. Zeilsck. anorg. Chein., 1904,41,126. 
Koll. Zeilsch., 1907, 2. 51. 

“ Zeitsch. anorg. Chem., 1905, 45, 77; 1902, 31, 448; J. pr. Chem., 
1905, [ii.] 71, 358, 452; Zeitsch. anorg. Chem., 1902, 32, 51, 91, 106, 347 ; 
1904, 39, 112. Bcr., 1902, 35, 2206, 2224, 2236; 1904, 37, 124. 

' “ Ber., 1906, 39,1545, 1550; 1905, 38, 534, 526. 

' Ber., 1903, 36, 609, 1215. >* Ibid., p. 1215. '* Loc.cU., p. 179. 
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A detailed account of the following methods is given, 
as being the most generally useful and illustrative:— 

1. Kohlschiitter . silver shl with hydrogen. 

2. Donali . . , gold sol with carbon monoxide, 

3. Zsigmondy. . „ „ formalin. 

„ „ phosjihorus. 

4. Castoro . . . ])latijuira sol witli acrolein. 

5. Gutbior. . . red and blue gold sols with 

hydrazine. 

(1) Silver Sol by reduction with Hydiogen (Kohlechtttter) 

The method consists in the reduction of silver oxide 
or hydroxide in presence of water by means of hydrogen 
gas. As the two products are silver and water, the 
method is one which yields an electrolyte-free .sol— 

2AgOH -f II 2 = 2Ag + 2 H 2 G 

Hydrogen ga,s is bubbled through a hot (50° 60°) 
saturated solution of silver oxide, contained in a round- 
bottomed flash, which is preferably of Jena glass. Solid 
silver oxide is present to keep up the concentration. 
In 8-10 hours about O'5-l litre of intensely coloured sol 
is obtained. Reduction is too slow below 60°, while 
above 60° the sols are very unstable. Analysis showed 
the presence of some unchanged silver oxide. 

As the action appeared to take place mainly at the 
interface between the li(|nid and the vessel, Koldschiitter 
Iried the effect o^ various surfaces. In a platinum vessel 
a crystalline deposit was obtained in place of the sol. 
This suggested a means of purifio,ation, as follows. 

About 80 o.c. of the sol is placed in a blackened 
platinum Jja.sin, and protected from air by a bell-jar. 
Pure hivdrogen is passed through the liquid l)y means of « ' 
lube with a platinum tip. In 12 hours the residual:Bilvbr 
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^ oxide was rwhioed, the silver being deposited as bright 
crystals which firmly adhered to the basin. During this 
•treatment the electric <{onductivity fell to 7-8 X 10~® 
mho, a tenth of its foi-mer value. The 'Specific con¬ 
ductivity of the water was about 2 X 10'® mho. 

(For other interesting details of this work, see p. 107.) 

Tins preparation can belinado as a lecture experiment, 
if a saturated solution of silver oxide is substituted for 
the suspension. About 150-200 c.o. of filtered solution 
are heated to 00° in a Jena flask fitted with Jena glass 
tubes, and a brisk current of pure hydrogen passed through 
it. In 20-50 minutes a perfectly clear, intense yellow 
sol is obtained, which presents a most brilliant appearance 
in the ultraniicroscope. It contains about 0'03 g. Ag in 
1000 c.c. 

(2) Gold Sol by reduction with Carbon Monoxide 
(Donau) 

Pure gold, precipitated by oxalic acid, is dissolved in 
aqua-regia, evaporated on a water-bath, and dissolved in 
pure water to form a 0'002-0 05 per ccut. solution. If 
ordinary distilled water is used, a protective colloid must 
be added. The carbonic oxide, prepared from oxalic acid 
and sulphuric acid, may be used along with the carbon 
dioxide, or freed from it; the mixed gas gives a better 
colour. The gas is stored in a gasometer, and, after 
bubbling through water, is passed into the gold solution 
by means of a capillary tube. The solution may be cold 
or warm; in a few minutes a red colour is noticeable. 
The reduction is complete and the end of it is ascertained 
by the electric conductivity. Large quantities can be 
made at a time, if the gas is led in slowly. A litre of 
■ (i'002 per cent, sol may be had in about 2 hours. The sol 
is* of a clear red colour, and is very stable. The* carbon 
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dioxide can be removed by boiling, and the hydroobloric 
acid by dialysis. 

. A very stable palladium sol is obtained by treating, 
a palladous chloride solution (6’0005-0 ()5 per cent.) in 
the same manner. The reaction is quicker, and is 
complete. Most of the acid can be removed by dialysis. 

Kohlsohutter made a silv|r sol by reiliiclion of silver 
oxide .solution with carbon niono.xide, It was not very 
stable. 

(3) Gold Sol by reduction with Formaldehyde 
(Zsigmondy) 

The following are Z.sigmondy’s later directions, and 
by .adhering to them it is easy to prejiare a pure red 
gold sol. 

About 120 o.c. of pure water are i)ut into a Jena glass 
beaker of .dOO-.OOO c.c. capacity, and rai.sed to boiling 
point. During the wanning 2'5 c.c. of the gold chloride 
solution (6 g. of crystallised IIAuCl4,.31[20 in a litre), 
and 3-3'5 c.c. of pure potassium carbouale solution 
(0'18 n.) are added. As soon as it boils, 3-5 c.c. of 
formaldehyde solution (0'3 c.c. of eommcrcial formalin in 
100 c.c. of water) are added moderately (juickly, a little at 
a time, with constant vigorous stirring (a soft glass rod 
must not be used; a Jena glass tube chjsed at the ends 
will do). The reaction commencos in a few seconds, or, 
at longest, a minute; the liquid turns a pale red, rapidly 
changing to an intense bright red, which undergoes no 
further change. The sot may he purified by dialysis. 

It appears to be impossible to prepare more than 120- 
150 c.c. at a single ojieration, with larger quantities the 
colour is not so good or clear. If a large quantity is 
required, the individual samples are collected and sub¬ 
mitted to purification together. 
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(4) Gold Sol by reduction with Phosphorus (Zsigmondy) 

Faraday’s gold sols, prepared by adding a solution of 
■ phosiihorns.in ether to aljiioous solution of gold chloride, 
varied very muedi in colour ainl stability. Zsigmondy, by 
combining it with his fonnahhdiyde method, has devised 
a method wliich gives, without difficulty, gold sols of the 
highest disporsity. 

The directions and quantities are tlie same as in the 
formaldehyde method (see above), excopt that the solution 
is not boiled, as reduction takes place at the ordinary 
temperature, and that a few drops of a solution of white 
phosphorus in ether are added instead of the formalin. 
The action is slow, the liquid turning first pale yellow- 
brown, then gradually a pure red, which is perfectly clear, 
without a trace of opalescence by either transmitted or 
reflected light. 

The Tyndall cITect is scarcely observed in it. The size 
of the particles is about /i/i, and is exceedingly 

uniform. In the ultramicroscope a few isolated gilded 
dust particles are observed, and beyond that, only a feeble 
cone of light which gradually fades away on dilution. 
The sol is very sensitive to electrolytes. 

(6) Platinum Sol by reduction with Acrolein (Castoro) 

About 500 c.o. of a solution of HjPtClj (1 g. in a 
liti-e) are made slightly alkaline with a few drops of 
potassium carbonate solution, and raised to boiling point. 
The flame is removed, and 2-4 c.o. oP acrolein solution 
(Kahlbaum’s 33 per cent, solution) are added. The yellow 
colour disappears in a few seconds, and is succeeded by a 
brown colour, which finally becomes black. It is filtered, 

, diluted with its own volume of water and dialysed. The 
s*ql is quite clear in thin layers, and is very stable. 
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For dilute sols it is better to make 50-60 cc. of the 
platinum solution up to 200 0 . 0 . with pure wjitor, and to 
proceed as above, using correspondingly loss acrolein. 

Gold, palladium, osmium, and ♦ruthenium sols may also 
be prepared by this method. 

(6) Blue Gold Sol by reduction with Hydrazino * 
(Gutbier’s liethods) 

In these hydrazine, plienylhydrazino, and liydioxyl- 
amine are employed .as reducers. 

1 g. gold chloride is dissolved in 1000 c.c. of pure 
water, and exactly neutralised with very dilute sodium 
carbonate. A solution of Ijydriizino liydratc (1 c.o. of 
K.ahlbaum’s commercial 50 per cent, solution to 2000 0 . 0 . 
of water) is added drop by drop. The reaction begins at 
once with production of a deep blue sol. In all a few c.o. of 
the hydrazine solution are required for complete reduction. 

The sol is deep blue by both transmitted and reflected 
light, is clear, and very stable. If too much reducer is 
added, the .sol is not clear and soon settles out. A 
peculiarity of the phenylhydrazine reduction of gold is 
that stable sols of different colours can bo obtained by 
simply adjusting the amount of reducer. The following 
is a striking experiment:— 

Dilute 5 0 . 0 . of gold solution (0‘1 per cent.) with 300 c.o. 
of water in a large beaker, and run in from a burette 0'2 
to 0'5 0 . 0 . of a freshly prepared solution of plienylhydra- 
zine hydrochloride (0‘4 per cent.). On stirring tlie liquid 
becomes deep red.- Now add more reducer, drop by drop, 
when the oolonr changes to violet; after addition of 6 o.c. 
the colour is violct-bluo, a further quantity changes the 
colour to blue, and finally to deep bluo when 12 0 . 0 . have 
been added, 

Silvqp, platinum, palladium, iridium, telluriqm, ami 
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beleninm sols, with gum arabic as protective colloid, have 
been made by this method. 

The colour of the gold sols produced by reduction 
with Iiydra'zine hydrate ^'depends on the reaction of the 
solution.' If the solution is faintly acid the sol is blight 
blue, if it is almost neutral tlio sol is violet or ]mrple, 
while a brilliant red sol js obtained if the reaction is 
alkaline (author’s iiupiiblislied results). Thus— 

100 c.c. water, 

1 c.c. gold solution (1%), 

1-1'5 ce. potassium c,arboiiate solution (0’18 n.), 

1-2 0 . 0 . hydrazine hydrate (1 c.c. of 60% solution to 
2000 c.c. of wat(U'), 

give a briglit blue sol. If 2 c.c. of potassium carbonate 
are used the sol is violet, and with 2'6 c.c. of polassiuiu 
carbonate aud 3 c.c. of hydrazine hydrate solution the 
colour is a brilliant clear scarlet. All three sols are very 
stable, aiiil are easily reproduced. 

Paal’s Method. Protalbic Acid and Lysalbic Acid as 
Protective Colloids 

This method is important because of the highly con¬ 
centrated sols which can be prepared by it (for “Pro¬ 
tection,” see p. 128). There are two ways in which these 
substances have been employed; in the earlier method 
they were useil both as re<lucers aud proteotives, while 
in the later they are simply proteotives, other powerful 
reducers, such as hydrazine, sodium amalgam, etc., being 
used to effect the reduction. The latter method is the 
more useful. Two examples will suflioe. 

Silver Oxide Sol and Silver Sol.—1 part of sodium prot- 
albate is dissolved in 16 parts of water, and some sodinm 
liydroxide is added. Silver nitrate is then added until a 
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precipitate forms, wliich is dissolved by more sodium 
hydroxide. Silver nitrate and sodium bydro.xide are added 
alternately until tlie desired concentration is re.aclied (up 
to 3'2 parts of AgNOj, or 2 parts Ag). If a silver oxide 
sol is wanted, tliis solution is dialysed. I'or silver sol 
the uudialysed silver bydro.xide sol is heated on the water- 
bath until reduction is complete; this is known by the 
absence of any reaction with one drop of Iiydraxino solu¬ 
tion. The sol is then dialysed and evaporated in a flat 
basin on the water-bath. It consists of shining grains 
with a beautiful blue-green metallic sheen, and is com¬ 
pletely soluble in water, even after two years if a drop of 
sodium hydroxide solution is I'.al 'd. 

Gold, platinum, and other metal sols arc obtained in 
a similar niauner, with the aid of hydrazine as reducer. 

Selenium.—o g, of sodium protalbate are dissolved in 
45 c.c. of water, and 1’63 g. of SeOj ( = 1 g, Se) dissolved 
in water is added, along with sodium hydroxide iii sufli- 
cieut quantity to redissolvo any precipitated protalbio 
acid. 2 g. of commercial hydrazine hydrate solution are 
added, and the li(iuid then rendered jirst acid in reaction 
by means of dilute hydrochloric acid. The liquid froths 
up and becomes blood-red in colour. Alcohol is added 
to diminish the frothing. The reduction is aideil by gentle 
heat, which causes rod flocks of colloid selenium and free 
protalbio acid to settle out. These are dissolved by 
addition of sodium hydroxide, and the solution is then 
dialysed. The sol is quite clear and of the colour of 
arterial blood. It can be evaporated on the water-bath 
and dried in a vacuum over sulphuric acid. It is a dark 
red, shining, and enamel-like substance, and is completely 
soluble in water. 

It contains 33 per cent, of Se, and 5 per cent, of Na, 
The solubility in water is retained for several yeass. 
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' Mercury (Lottermoser). 

A very dilute solution of mercurous nitrate is poured 
into a dilute solution of stauiious nitrate. An oxco.ss of 
stannous salt is necessary’, and neitlicr solution should con ■ 
tain more ficc acid than will just prevent the separation 
of basic salts. The li.piid hecomes deep brown in colour. 
The mercury sol is precipitated hy a strong solution of 
;imiuonium citrate as a line black precipitate, and the 
licpiid carefully neutralised witli ammonia. The lifpiid is 
.syidioncd off, the rest being sucked out hy inean.s of a 
porous earthenware filter. The precipitate is dried in a 
vacuum over .siilpliurio acid. It has a silvery lustre and 
forms in water a deep brown sol. 

This preparation owes its stability, no doubt, to the 
protection exerted by the enuilsoid stannic acid, which is 
firoduced at the .same time hy the hydrolysis of the stannic 
nitrate. This accounts for the salting out and the sub.sc- 
(pient regeneration of the sol. 

Bismuth and copper sols have also been prepared by 
modifications of this method. 

IV. O.xiDATioN Methods 

The oxidation of hydrogen sulphide to water and 
sulphur seems to bo the only instance of this method. 
When a solution of hydrogen sulphide is exposed to air, 
a bluish opalescent sol is first noticed, which subse¬ 
quently turns yellowish-white and deposits sulphur. Or 
a solution of hydrogen sulphide is acted on by a solution 
of sulphur dioxide, when a series of complicated reactions 
occurs, one product of which is sulphur gel and sol 
(Wackenroder’s solution, 1846).* Wackonroder prepared 
it by passing hydrogen sulphide into a saturated solution 
. of sulnhur dioxide at room temperature; he observed that 
■ 4wwlcn, 1610, CO, 189. 
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the opaque yellowish-white liquid is very stable, and is 
apparently homogeneouR, as it can be fdtered unchanged. 

Sclmi and Sobrcro (1850)' jiasseil sulphur dioxide and 
hydrogen sulpliide simultaneously into a lta.sk full of 
water. The yellow preeipitato of sulphur di.s.solved in 
water and wa.s repreeipitated by .salts. If sodium salts 
were used, the precipitate '•odissolved in water, but not 
if potas.siuin .salts bad Inon used. In the hitter ca.so the 
precipitate is clastic and remains so for months. The 
precipitate contains potassium sul[>liate which cannot be 
washed out. The achl liquid contain.3 sulphur sol, which 
is precipitated liy potassium or sodium salts. Tliey con¬ 
sidered it to bo an emulsion (like soap, starch, prussian 
blue, in Selmi’.s previous rescandies). 

Dobius^ fully investigated Wai,kenrodc''’s solution and 
gave details of the preparation. 

llecently linffo* prepared suljdiur sol from sodium 
thiosulphate and sulphuric acid as follows: 50 g. of pure 
are dissolved in 50 c.c. of water, and added, 
drop by droj), with constant stirring to 70 g. of sulphuvio 
acid (of density TSd) contained in a 500 c.c. cylinder, which 
stands in cold water. Hydrogen sulphide is first formed, 
then sidphnr dioxide, followed by a whitish precipitate, 
changing to lemon yellow. When the action is over, 
50 0 . 0 . of water are adiled and the whole shaken up and 
heated to 80° for 10 minutes. Tlio sulphur dioxide is 
expelled, and the thick tnrbid mass clears up to a sulphur 
yellow liquid, which is filtered through glass wool, kept 
cold for 12 hoifr.s, is reheated and then refilterod. This 
treatment is repeated until all the insoluble sulphur ia 
removed. At this stage tlie sulphur is a yellow mass 
which dissolves on warming to a perfectly clear yellow 
^ Ann. P/iys., 1850, {iii.] 28, 210. 

* Chm. Soc. Joum., 1888, 53, 278. » Koll. ZeUsch., 1908,2, 358; 
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Bol. It is allowed to settle out, centrifuged, washed 
with cold Witter, centrifuged again, dissolved in water, 
precipitated by sodium ci|rbonate, centrifuged, and so is 
obtained as a sediment of almost pure soluble sulphur, 
which solates in distilled water. One such sol contained 
4'C per cent, of S and 1'5 per cent, of Na 2 S 04 . 

Its stability is not very great, and is diminished if the 
sodium sulphate is dialysed away. With sodium salts 
a gel is procijiitated, which solates in pure water, or 
on heating to S0°. With potassium salts the gelation is 
irreversible. A sol which had been neutrali.sed by sodium 
carbonate remained clear when kept in a stoppered vessel. 

V. Hydkoi.ysis Methods 

The hydrolysis of salts is really a special case of 
double decomposition, in which water is one of the re¬ 
agents ; this is clearly seen if the reaetion takes place in 
non-aqueous solution. Theoretically, all .salts undergo 
hydrolysis, but not to a recognisable o.vtcnt unless the 
acid or the base, o" both, of the salt i.s a weak electrolyte. 

The equations 

Fe-Clj' -f TirOll'^glfOr + l'e( 011)3 
and 

Na'CN'+ iron' ^NaOH' - h IICN 
illustrate the reaction. In the latter instance the acid is 
very wo.ak, but is soluble. In the former the base is 
probably very weak, but is certainly very insoluble, and 
thus the equilibrium point is very far on'the right side. 

Hydrolysis is, as indicated in the above equations, 
reversible, and increases with the dilution, and also with 
rise of temperature. When, as in the first reaction, one 
product is an insoluble substance, we have thd necessary 
con.ditiorts for obtaining a stable sol. Even is. cases 
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where the liydrolysis is slight, a sol may he obtained by 
dialysis, if the salt is not nearly so ililTiisiblo as the aciil, 
which is usually the case. Ortthc acid may he volatile, 
in which case hydrolysis can be completed by boiling 
off the acid. The .salts which have been most frequently 
utili.sed for jireparations are tho.se of oiganic acids (acetate 
ohielly, hoeau.so acetic acid '3 both volatile and a weak 
acid), and nitrate.3 and chlorides, owing to thcir solubility 
and the ready diffusihility of the acids. Another factor of 
importance is the precipitating effect of anions on positive 
sols, which all the hydroxide sols formed by hydrolysis 
of these salts are. Sulphates are more readily hydrolysed 
than chlorides or nilrate.s, but ferric sulphate cannot be 
used to prepare a ferric hydroxide sol, owing to the 
precipitating effect of the bivalent anion .SO 4 " on the 
positive sol, and this in spite of the stabilising effect of 
the IT; in consequence a precipitate of so-called basic 
ferric .salt is produced instead of a sol. 

The earliest preparation of a sol by hydrolysis was 
the hydrolysis of silicon sul|>hide, which was discovered 
by Berzelius (18d;!).* Crum^ then prepared an aluminium 
hydroxide sol from aluminium acetate by boiling off the 
acetic acid. lie failed to get ferric hydroxide sol in 
the same way, but this was done by Bean de St. (lilies 
a year later.® Then followed the dialysis researches ot 
Graham, but these processes are really sidntion processes, 
as he digested the solution with precipitated hydroxide 
before dialysis. 

The hydrolySis of ferric chloride was fully investigated 
by Debray,^ and more especially by Kreckc.® The latter 
found that with solutions containing over 4 per cent, of 

* Lehrhnch, 3 Edition, II., 122. * Annalen, 1853, 89,156. 

• Cornet, rend., 1855, 40, 568. * Compt. rend., 1869, 68, 918. 

* J. pr. Chem., 1871, [ii.] 3, 286. 
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ferric chloride the hydrolysis is reversed on cooling, while 
telow 1 per-cent, it is quite irreversihlo. The teniperatnro 


at which hydrolysis is ooHiplcte also depends on 
ccntralion, thus: 

Confoiitration. 

g. FeClj ill 100 g. uf Bolutioa. 

Temperature. 

32 


8 

110° 

4 

100° 

1 

8::° 

0-25 

(;4° 

000 

30° 


Most of the free acid cim he remov(!(l hy dialysis, 
Goodwin* showed hy measurement of the electric con¬ 
ductivity that the liydrolysis of ferric chloride is a time 
reaction. The same holds for zirconium chloride, and for 
aluminium acetate. 

As u.siial, a few typical preparation.s will he given. 


(1) Hydrolysis of Acetates 

Aluminium Hijihoxide Sol^ 

A solution of alumiuinm acetate (containing not more 
than 0'5 per cent, of A^OlLj) is lieateu to 100° in a closed 
vessel for 10 days. The liquid is diluted in a wide flat 
basin, and is kept boiling vigorously until all the acetic 
acid is driven off, water being constantly added to replace 
that boiled off. If the depth of the liquid does not exceed 
5 mm., 1 to 2 hours’ boiling will bo suffloiftnt. 

The final concentration should be about 1 part of 
A1(0H)3 in 1000 parts of water. 'The sol is transparent, 
tasteless, and neutral. 

* Zeitsch, physikal Ohxm., 1896, 21, 1 . 

* Crum, Annalen, 1853, 8d, 15C. 
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(2) Hydrolysis of Nitrates 

(a) Zirconium Hydroxide Sol •. 

• _ 

30 g. of zii'coniuiu nitrate are dissolved in 500 c.c. of 
water, and evaporated to dryness on a water-batli. The 
residue is dissolved in 500 q.c. of water and again taken 
to dryness; this treatment is repeated several times. The 
final product is a clear gum, which swells up in water, 
and forms a very viscous sol. On dilution an opalescent 
sol is obtained. 

(5) Ferric IL/droxide Sol * 

A solution of iron in nitric acid is freed as for as 
possible from acid. It is Ihen dialysed in a parchment- 
paper tube, the c.xtcrnal water being changed three times 
a day. The dialysis is continued until nitric acid can no 
longer be detected in the exterior w.ater. This takes about 
four to six days. The sol is clear brown, with a slight 
opalescence by reflected light. 

Sols of the following metallic hydroxides have also 
been prepared by this method : chromium, aluminium, tin, 
bismuth, cerium, thorium, zirconium. In every case the 
sol contained traces of nitrate. 


(3) Hydrolysis of Chlorides 

Ferric Hydroxide Sul ® 

A few c.c. of a 32 per cent, solution of ferric chloride 
are added slowly to 1000 c.c. of boiling water. The liquid 
becomes dark red-brown, and remains so on cooling; it 


Mailer, Zeitsch, anorg. Chem,^ 1907, 62,316. 

• Biltz, Bcr., 1902, 36, 4431. 

• Kreoke, J. pr. Chem., 1871, [ii.] 3, 288. 
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contains ferric liydroxide sol and hydrocldorio acid. It 
Vill serve induy purposes without purification. Practically 
nil the acid can be removnd by dialysi.s. 

(4) Hydrolysis of Silicon Sulphide* 

Serzelius, and later I'rcnjy, obtained silicic acid sol by 
the action of water on silicon sulphide. Hydrogen sulphide 
is evolved and ^ silicic acid remains in solution. It is 
very stable (it is an electrolyte-free preparation, as the 
gas escapes), but becomes gelatinous if it is concentrated 
or boiled, or if alkaline salts are added. 

(5) Hydrolysis of Organic Compounds 

(u) Fi'rric IMinride Fd from Ferric Elhylalc ** 

Anhydrous ferric chloriilc is dissolved in absolute 
alcohol, and treated with sodium ethylate. Sodium chloride 
is precipitated, the ferric ethylate remaining in solution. 
This is poured into a large quantity of watei', when a clear 
brown sol is obtained. 

{h) tiUkic Acid Sol from Mrlhi/l Silicoic^ 

A solution of 8 g. of methyl silicate in 200 c.o. of 
water is boiled under a reflux coudonocr. The methyl 
alcohol is then removed by boiling off one-fourth of the 
liquid. A 2'25 per cent, sol is obtained, which, as the 
method indicates, is very stable against heating. 

V 

* Berzelius, Lehrbuch III. Auf. 2,1832, 122; Fr6my, Ann. Chim. 
Fhys., 1863, [iii.] 38 , 312. 

? Grimaux, Compt. rend.y 1881, 98, 1434. 
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VI. Othei! Ckystalllsation Methods 

This soction contains all tlip crystallisation inelliods 
which are not reductions or hydrolyses. As already 
suggested, there is no scientillc importance in this suh- 
gronping. 

These method.? are mainl;' douhle decompositions, one 
product of whicli is insolnhle. Tluiy are thus typical 
cases of von Weiinarn’s theory, and special attention is 
again directed to it, and to the examples already de¬ 
scribed in detail, which properly come into this section 
(p. 17r>). The .stability of the sol doi)onds to a great extimt 
on the nature of the other prudia t. If it is an electrolyte, 
the sol may soon ho precipitated by it, nnle.ss the solutions 
are very dilute; or it may not he obtained at alt nidess a 
protective colloiil is jiro.scnt. We have thus three elas.ses ; 

(a) The other product of the reaction is a non¬ 
electrolyte. 

(i) The otlu'r product is an electrolyte, and the con¬ 
centrations must he very small. 

(c) A protective colloid is added to increase the stability 
of the sol. 

Historiud Ske.tch.~\\i the third edition of his Lehrhuch 
(1833) llerzelins described the preijaration of soluble 
arsenious sulphide from arsonious oxide and hydrogen 
sulphide, and its precipitation by hydrochloric acid. He 
also states that osmium sulphide is obtained as a brown 
solution by the action of hydrogen sulphide on osmic acid, 
and that it, too, is precipitated by acids. 

Then Graham (1807) in his chnssical experiments pre¬ 
pared many sola by the action of'’'acids or alkalies on 
soluble salts, as e.g. hydrochloric acid on silicate, stannate, 
molybdate, or potassium hydroxide on stannic chloride,; 
also bjl double decomposition of salts in dilute sofetion 
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and subsequent dialysis to remove the electrolyte product, 
e.g. copper ferrooyanide, prussian blue. 

• Schulze (1882) returded to the action of hydrogen 
sulphide on oxides of arsenic and autiinony. Jii the latter 
case no sulphide sol was formed, and he investigated the 
action of hydrogen sulphide on tartar emetic; other salts 
are produced in the reaction,* and the concentration is an 
important factor. No sol is obtained if the tartar emetic 
solution is more than 1'6 per cent., and partial precipita¬ 
tion occurs between 1‘25 and 0'5 per cent. 

AVinssinger (1888) prepared many sulphide sols by the 
action of liydrogen sulphide gas on very dilute solutions 
of-salts, e.g. of ])latinum, palhadium, gold, silver, thallium, 
lead, bismuth, iron, nickel, cobalt; other sulphides, e.g. of 
tungsten and molybdenum, by dissolving the 3ul)ihide in 
ammonium sulphide and reprecipitation with acetic acid. 
The salts wore removed by dialysis. Zinc sulphide sol 
was prepared by passing hydrogen sulphide into a suspen¬ 
sion of zinc hydroxide. It is doubtful if this last method 
is not a solution method; it may at least become one if 
excess of hydrogen sulphide is passed in. Linder and 
Picton (18!)2) substituted hydrogen sulphide solution for 
the gas, at the same time keeping up (ho concentration 
by passing in more gas. They employed hydroxides in 
suspension, and also salts. 

lottermoser, acting on mercuric cyanide and copper 
glycine W'itli hydrogen sulphide, obtained stable sols of 
mercuric sulphide and copper sulphide, the other products 
being hydrocyanic acid and glycine (auiino-acetic acid), 
both non-electrolytes. He also prepared organosols from 
the same substances by substituting organic liquids for 
water as solvent. 

He also discovered later that, at sufficiently low con- 
centiatiohs, silver nitrate gives sols with many saltJ which 
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form insoluble silver salts, provided that one or other of 
the reagents is present in slight excess (see p. 110). In 
this way he prepared many silv'br sols, e.g, 4gCl, AgBr, ' 
Agl, AgCN, AgCNS, AgOII, Ag 2 C 03 , AgjCrO^, AgjS, etc. 
Solution processes may also play a pai t in some at least 
of these preparations. 

Many sols prepared by doitble decompositions are not 
very stable, and none are so except at great dilution. If 
more concentrated sols are required, an emulsoid must be 
added to confer stability. Tor iustanco, I’aal’s protalbio 
acid and lysalbic acid methods are equally ell'ective for 
other insoluble metallic comjiounds. By the action of 
the appropriate sodium salt on silver protalbatc or lysal- 
bate, I’aal prepared sols of AgOH, Ag 2 C 03 , Agjl’O^, AgjS, 
AgCl, AgBr, Agl; ho also prepared sol by the same 
method. Other emulsoids may bo used; IlgCl, HgBr, 
Hgl. Ag 2 Cr 04 sols have been made with albumin as pro¬ 
tector; with the aid of gelatine Lobry de Briiyn (1898) 
obtained sols of AgCl, AgBr, Agl, AgjCrO^, sulpliides 
and hydroxides of many heavy metals, lead iodide, Prus¬ 
sian blue, copper ferrocyauide, manganese dioxide, etc. 
According to him concentrated sugar solution also 
protects. 

In some instances, a protective colloid may be pro¬ 
duced by the reaction. Michael observed that the reaction 
between chloracetic ester and sodiomalonic ester (and other 
similar compounds) in benzene solution gave clear solu¬ 
tions of a pale yellow colour, with a faint opalescence, 
and concluded that an addition compound had been formed, 
as no sodium chloride separated out as usual Baal (190G) 
showed it to bo a sol of sodium chloride, which is pre¬ 
cipitated as a gel by ligroin; this gel is re-solated in 
benzene. An organic bye-product is supposed to act as, 
proteotof; sols of sodium bromide and iodide have 
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obtained by similar rdSctions in anhydrous benzene or 
ether. Tlie'prcsence of a protective colloid does not seem 
necessary for the stability of sodium chloride sol in organic 
liquids, sucfi as benzene, in which it is practically insoluble 
(see p. 174). 

As before, a few typical or important preparations ai'e 
given in detail. 


A. Electrolyte-free Sols 

I. Arscnimis Sulphide »S'o/' 

Pure arsenious acid is dissolved in water, which is kept 
boiling; in this way a strong solution is olil.aiiicd. This 
solution is allowed to (low into a saturated solution of 
hydrogen sulphide, Ihrougli whi(;h a current of the gas is 
continuously passing. Tlie uncoinbined liydrogon sul¬ 
phide is removed by a current of hydrogen (Liiuler anil 
Picton). 

Schulze obtained very concentrated sols by adding 
arsenious oxide to the sol, after the saturated solutions 
had been treated with hydrogen sulphide, then adding 
more llofi. After several rejictitions tlie sol contained 37 
per cent, of arsenious sulphide. 

II. Zinc Sulphide Sol^ 

A enrrent of hydrogen suljihide is passed into water 
containing in suspension pure zinc hydroxide, which has 
been precipitated by ammonia and \yashod with cold 
water by decantation. The sol is very slightly opal¬ 
escent. Copper sulphide sol is prepared in a similar 
way. 

• Linder and Pieton, Ckcm. Soc. Journ., 1892, 61, t37; Schulze, 
I. fr. Chgm., 1882, [ii.] 25, 431. 

- •^Vins&inger, Bull. Soc. Chivi., 1888, [ii.] 49, 452. 
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III. Mercuric Sulphide Sol 

Hydrogen sulphide is passetl into a cold saturated . 
solution of lyercuric cyanide (12 g. in 100* c.o.). The 
hydrocyanic acid cannot bo completely removed by a 
current of hydrogen sulpliide or eaiboii dioxide, and the 
sol becomes unstable if it is dijilysed. 'The best way is to 
distil oil the hydrocyanic acid under reduced pressure in 
an atmosphere of hydrogen sulphide. The sol is deep 
brown in colour. 

Copper glycine treated in a similar manner gives 
copper sulphide sol. 

Organosols are obtained by udng ether or benzene as 
solvents instead of water. 

B. Sols containing Electrolytes 

I. Silicic Acid Sol ^ 

A solution of sodium silicate (112 g.) is poured into 
ail excess of dilute hydrochloric acid (G7'2 g. IICI), the 
total amount of water being 1000 cc. The sodium 
chloride and the excess of acid are dialysed away; the 
dialysis is coinpdete in four days (no precipitate with 
silver nitrate). The sol contained CO'5 g. of silicic acid, 
C'7 g. had escaped during dialysis, and the conoeulration 
was 4-9 per cent, of silicic acid. 

II. Antimonious Sulphide Sol^ 

4 3 g. antimonious oxide and 13 g. of tart.aric acid 
are made up to 1000 c.o. of solution; this will give a 
O’o per cent. sol. The solution is saturated with hydrogen 

’«Lottermosor, J. pr. Chem., 1907, [ii.] 75, 293. 

* (Iruham, FInl. Trans., 1801, 151,183. 

f Schulze, J.pr. Clum., 1883, [ii.] 27, 320. 
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‘sulphide gas. The sol is deep red, and may be purified 
by dialysis.- 

in. MeiMie SulvlMe Sols • 

For sols of 'plalinv.m sidphule or gold sulphide, the 
solution of the corrcspoudiug chloride i.s made as neutral 
as [los-sible, and hydrogeu sulidude is passed in. In spite 
of tho hydrochlorio acid, fne dark brown sols are fairly 
stable, remaining unchanged for many weeks. A gold 
sol contained O'bo g. Au 2 y 2 u hire. 

A silver sulphide sol from silver nitrate contained 
O'fi g. AgjS in a litre; a sliglitly more dilute sol 
remained unchanged for over two months. Dialysis 
increases tlie stability. 

IV. Barium Sulphate in Aqueous Alcohol^ 

A 1 m. sulphuric acid solution is diluted witli 2 
volumes of alcohol, and there is aildcd an equivalent 
amount of a 1 ni. barium acetate solution, which has been 
diluted with 6 volumes of alcoliol. A transparent gel of 
barium sulphate, which forms a clear sol with a largo 
([uantity of water, is obtained. If the gel is dried below 
40° C. it will still solate in water. 

C. A Protective Colloid is present 

1. Gelatine (or Sugar) * 

A 10 per cent, solution of gelatine, purified from 
electrolytes, is mixed with an equal volume of the solu¬ 
tions (0'1-0'05 n.), which by their interaction will produce 
an insoluble compound. 

* Winssinger, he., p. 200. 

* Kato, Mem. Coll. Set. Eng. Kyoto, 1909,2,187. [Cluim. Soc. Joum.f 

1910, A. a. 850-3 , 

* Lobry da Bruyti, Rec. trav. chim., 1900,19, 296; Ber., 1902, 85, 

S079. • 
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II. Sulphide Sols with Casein or Cum Arabic • 

If hydrogen sulpliide gas is passed tliroiigh a solution 
of silver salt or cadmium .salt, to which gum arabic or 
casein liave been added, stable sols of the sulphides are 
obtained. 

HI. I’dc.l's I’rolallic Acid and LysaWic Acid Methods^ 

(a) For silver hydroxide sols, see p. 1!L’, 

(h) IIydroxid(!s of I!i, Co, Ni, Fo, Mu; Ag 2003 , Ag 2 S, 
AgCl, etc., may all be prepared by the action of the 
appropriate sodium salt on the corresponding metallic 
salt of prolalbic acid or lysalinc acid. 

lY. Sodium Chloride Sol in r>en:ene 

H g. of inalonie ester and 0'7 g. of sodium are added 
to 30 c.c. of anhydrous benzene, cooled, and 4 g. of 
chloracetic ester added; .and heat is applied till all has 
dis.solvod. The orange coloured opalescent li(ihid is 
cooled and the gel is precipitated by adding 5-6 volumes of 
petroleum ellier. It solutes completely in benzene, but 
is insoluble if dried in a vacuum. 

The dried substance contained 5S per cent, of NaCl, 
and 20 per cent, of Na. There is thus excess of sodium, 
and a large amount of (adsorbed) organic substance. 

^ Muller, Ocsti'rr. Clum. Zeit., 1904, 7,149. 

• Bcr., 1900, 39,1436, 2359, 2863; %hid., 1908, 41, 61, 68. 
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SOLUTION MKTIIODS 

The process generally known as “ peptisation ” (Graliaui) 
is a typical example of tlio solution method. As the 
term gelation has hecn used to express the trausfnniiation 
of sol into gel, eolation might appropriately he applied to 
the reverse process. 

Lottermosor,' starting from his ohscrvalions on the 
formation of suspensoid silver compouiuhs, in which he 
found that excess of one or other ion was necessary for 
the production of the sol (p. 110 ), considers that a 
peptiser (or sol-former) must contain one, or, in some 
cases,’cither of the ions of the disperse phase. Thus, 
silver chloride, as a lino precipitate, forms a sol on 
digestion with a solution containing either Ag" or Cl'. 
When aluminium hydroxide is peptised with aluminium 
chloride solution, it is because of the Al'", or with 
sodium hydroxide because of the OH'. Miiller^ showed 
that ferric chloride, thorium nitrate, chromium nitrate 
peptise aluminium hydroxide as well as hydrochloric 
acid docs. 

Equal quantities of aluminium hydroxide (= 1'224 
g. of AI 2 O 3 ) in 250 c.c. of water required for complete 
peptisation— 

* Zeitsch. physikal. Chettt., 1908, 62, 359; Koll, Zeitscli., 1908, 3, 31. 

* Koll. Zeitsch., 1907, 2, supplement 0-8; Zcitsch. anorg. Chcin., 
1908, 67, Dll. 
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20 c.c. of 0'05 n. HCI. 

1 c.c. of l''cCl 3 solution (contaiiiino 3 per cent, of 

FcjOj). 

4T) c.c. of Cr(N 03)3 .soliitiou (containing 1‘4.5 per cent, 
of CroOj). 

10 c.c. of T 1 i(N 03)4 solution (containiug 2’53 per cent. 
ofThOj). 

Calculating back to (IT)Cr or ( 1 [')N 03 ’, the amounts 
ro(iuirect for peptisation were— 

Hydrochloric arid . . . O'OOl HCI 
Ferric clilorid(! .... 0 0012 TICl 
Clironiic nitrate .... 0'0020 HNO 3 
Tnorium nitrate .... 0'0038 IINO3 

while the iwnount of aluminium hydro.'tide pepithsod 
requires 0 O.'Ki HCI or HNOj to form normal salt. 

These rrsult.s are not necessarily at variance with 
Lottermoser’s theory, for it is quite probable that the 
first action between ferric chloride and aluminium 
hydro.'cido is the formation of some ferric hydro.xido and 
aluminium chloride. Or ferric clilorido, like all the above 
salts, is hydrolysed into basic hydroxide and free acid, 
which is thus in a position to act on the aluminium 
hydroxide with production of Al"'. It is rather curious 
that hydrochloric acid and ferric chloride arc apparently 
equally effective in peptising aluminium hydroxide. 

The amount of peptiscr required is not proportional 
to the amount of the precipitate, but depends largely on 
the previous treatment of the precipitate. 

Some motallih hydroxides are peptised by alkalies; 
thus Hanlzsch • showed that zinc hydroxide and beryllium 
hydroxide form sols when treated with alkalies, and do 
not dissolve in them. Many metallic sulphide precipitates 
are peptised by treatment with hydrogen sulphide. 

• ZHUch, anor 0 , Chan., J902, 30, 289. 
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' In all these instances, as von Weimam indicates, we 
have, as peptiser, substances which are capable of forming 
soluble compounds with the substance which is peptised; 
e.ff. with alnmiuium hydroxide we have aluminium 
chloride and the alurainates; with silicic acid, we have 
silicates formed with alkalies, and with acids, a soluble 
complex of unknown comnosition. In the silver salts, 
soluble complex salts arc tunned with both silver nitrate 
and the soluble halides. 

The solution theory of Noyes and Nernst must there¬ 
fore apply to this process, as it does to the crystallisation 
process. The formula is— 

V = ^^’s(L-c) 

in which L is the solubility, c the concentration of the 
solution at any given lijiic, and tlio other symbols have 
the same sigiiiKcancc as on p. 1(18. [It is tlio same equa¬ 
tion, except that L and e arc reversed, in order to apply it 
to the process of solution (increase of c), instead of to 
crystallisation (decrease of c)]. If V is large, the sol 
stage will soon he passed ; V will he small only when D or 
(L — e) is small. Substances of high molar weight diffuse 
slowly, and their sol stage is of long duration, as, e.g. 
gelatine. Even if (L — c) is small, the sol stage will not 
he stable, iinloss ]> is also small, since the larger particles 
will grow rapidly at the expense of the smaller ones. 

The Noyes-Ncrnst formula, however, only applies when 
the processes are reversible, and when diffusion is slow in 
comparison with the other processes. If then the solid 
undergoes a slow change before passing into solution, or 
if the actual process of solution is much slower than the 
rate of diffusion, the sol stage may be comparatively 
•stable.. I’eptisers, as we have seen, are substances which 
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can, if in sufficient concentration (or if suffloiont time is 
allowed), dissolve the solid, wliicli is insoluble in the dis 
porsion medium. This being sq, the velocity of solution 
can bo slowed doivn to any desired extent by simply 
reducing the concentration of the poptiser. AVlien the 
sol stage is reached, the peptiser may be removed, wholly 
or in part, by dialy.sis. 

The motliod is a very geneial one. As already 
explained, the crystallisation metliod indicates how a 
substance may be obtained as a highly disperse precipi¬ 
tate (gel). By means of a suitable peptiser and dispersion 
medium, this can be converted into a sol. For instance, 
barium sulphate and carbonate 'md other insoluble salts 
of the alkaline earths can be peptised by the correspond¬ 
ing acid (which forms soluble acid s.alts) in a mixture 
of alcohol and water, in winch the disperse pha.se is 
suffloiently insoluble to prevent subsetpient decrease in 
dispersity by recrystallisation. Many other examples of 
a similar kind will be found below. 

There is another method of prejiaration which is 
difficult to place. As the dispersity certainly increases, it 
has this much in common with the solution process. 
Svedborg classes it along with peptisation as mechanical- 
chemical dispersion under the heading “ washing-out ” 
method. Many reactions give rise to an insoluble sub¬ 
stance which is not obtained as a sol, except with very 
dilute solutions, because it is precipitated by the other 
product, which is an electrolyte (see previous section). In 
some of these instances the insoluble precipitate is con¬ 
verted into a sol when the excess of this electrolyte is 
removed by washing or dialysis. The phenomenon of a 
precipitate coming through the filter on thorough washing 
is well kn«wn. 

There are many other reactions also in which a * 
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siibstiinoe is produced in a highly disperse state, and only 
'requires thi? removal of electrolytes to pass into the sol. 
. Davy,' c.y., reduced boron oxiilo with potassium, and found 
that the bofon washed through tlie filter before the potas- 
•sium hydroxide was completely removed. Tho same 
h.appens with silicon and zirconium (IJcrz(dius). The latter 
also prepareil sols of silicic, acid and molybdic acid. The 
silicic acid gel pr()duce<l by the action of water on silicon 
fluoride pas.ses into a sol on wasliing with water. Molyb¬ 
denum tetiachlorido is precipitated by ammonia as a 
gelatinous prccijiitate, for it is insoluble in salt solutions; 
when these are washed out, a clear reddish-yellow sol is 
obtained. 

The disporsily of the iirociidtale is of great importance 
in .solution methods. Kuhn^ noticed th.at silicic acid gel 
formed a sol only if it was dilute and had not lost much 
water. Tlie same difl’erence luis Ijeon noted lictwecn a gel 
of freshly precipitated antimoiiic oxide (Shjttj.blIjO), and 
one which h.as hcen air dried. 

Berzelius ^ also described tho solation of sulphides by 
washing sulphide precipitates with water. Many other 
instances could he given, one will snilico. ITatinuni 
black, prepared by means of formic acid, often forms a 
stable sol when tlioroughly washed. 

Berzelius seems to have been tho first to observe tho 
solation of a gel in the case of silicic acid. Finely 
divided silicic acid dissolves in potassium carbonate solu¬ 
tion, forming ^ silicic acid, which dissolves in water. The 
potassium carbonate is not deconipose.1, for no carbon 
dioxide is given eff; and when it is neutralised with acid, 
the silicic acid does not separate out, proving it to bo 

* Sclmeigg. J., ISll, 2, 48. 

’ J. pr. Chem., 1853, [i.] 69,1. 

* Ann., 1824, [ii.] 2,139, 
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dissolved by the water aud not by the alkali. The sol¬ 
ution of stannic acid, titanic acid, and prussian blue wore 
all known to llerzelins. ’ 

Then come Graham’s important rcsearchc.s • on peptisa- 
tion(1801,18C4). He prepared aluminium hydroxide, fcirie 
hydroxide, and cliroinio hydroxide sobs by digestion "'ith 
the chloridc.s, titanic acid by 'ueans of hydrochloric acid, 
fcrrocyanides of iron and copper by moans of oxalic acid 
or oxahite.s. The .sobs were purified by dialysis. 

licfcrcnce has already been made to A. Muller's 
researches, as abso to the peptisation of sulphides hy 
liydrogeu suljjliidi!, which was first observed by Spiing.® 
Kuzel has recently (1907) dcscriocd an important motliod 
of peptisation. The substance, u.suiilly a metal, as e.tj. 
chromium, platinum, is very tincly powilercu by mechani¬ 
cal means, and treated with moderately hot dilute solutions 
of different etching reagents. U.snally an acid reagent 
is followed by an alkaline one. A detailed example is 
given below, von Weiinarn’s method for insoluble salts of 
alkaline earths has already been given (p. 175). A similar 
method of Neuberg will be found below. 

I. Boron (silicon, zirconium) ^ 

An oxide of the element is reduced by pota.ssium .at 
rod heat. The fused ma.ss is treated with water, and the 
precipitate washed with pure water until the filtrate 
begins to run through coloured. Subseipient washing 
gives the sol. ^ 

11. Ferric Hydroxide Sol* 

A solution of ferric chloride is satuiatod with freshly 

• FUl. Trans., 1861, ISl, 183, 

» Bcr., 1883,16,1142. 

• Davy, he., p. 203. 
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precipitated feme hydroxide, or ammonium carbonate is 
added to it so long as the precipitate redissolves. The 
'red solution is dialysedafter 19 days there were 30'3 
equivalents of Pe to 1 of HCl. 

III. Aluminium Hydroxide' 

50 c.c. of a solution of aluminium elilorido (= 2'45 per 
cent, of AI 2 O 3 ) arc diluted with water and precipitated hy 
ammonia, ns in gravimetric analysis. Tlio preciiritale is 
well washed with hot water, and is tlien transferred to a 
flask containing 2.50 c.c. of water. 0 05 n. IICl is added 
from a burette, tlie solution being heated to boiling. After 
each addition water is added to replace that boiled off. 
The opalescent litpiid can be liltered unchanged. 

IV. Cadmium Sulphide* 

An ammonia solution of cadmium sulphate is com¬ 
pletely precipitated with hydrogen sulphide. Tlio pre¬ 
cipitate is th 'roughly washed by decantation with water, 
suspended in pure water aud'a current of hydrogen sul¬ 
phide passed in. The precipitate becomes milky and 
finally disappears. The sol is thou boiled until no more 
hydrogen sulphide is driven off. 

V. Tungsten* 

10 kg. of tungsten, mechanically powdered as fine .as 
possible, are heated for at least 5 hours, better for 24-48 
hours, on a water-bath with 76 kg. of 15 per cent, hydro¬ 
chloric acid, with vigorous stirring and frequent renewal 
of the acid. The acid is run off, and the metal washed by 
decantation with distilled water until a sol begins to form. 

* Muller, I.C., p. 204. ' 

•.Spring, Butt. Acad. Boy. Bely., 1887, [iii.] 14, 312. 

• Kuzel, D. B. P.. 186980,1907. 
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It ia then treated for 5-24 hours with 75 kg. of 1 per cent, 
potassium cyanide solution. After being wii.sliod with’ 
water it is again heated for 24 hfturs with 75 kg. of 1 per ■ 
cent, ferrous.sulphate. After complete removal of the 
iron by washing with water, tlie metal is again heated 
with an alkaline liquid, e.y. a 2 per cent, solution of 
melhylauiine, or a 0’5 per cent. ‘;jolution of sodium liydroxide 
in alcohol. After two or three repetitions of this treat¬ 
ment with acid followed by alkali the tungsten forms a 
perfect sol with water. 

By tills method sols of chromium, manganese, molyb¬ 
denum, uranium, tungsten, vanadium, tantalum, titanium 
boron, silicon, thorium, zirconium, platinum, and other 
metals can be obtained. Suitable reagents for tlie method 
are— acid: organic acids, phenols, salt.s with acid reaction, 
as ammonium chloride, aluminium chloride; alkaline: 
caustic alkalies, alkaline carbonates, potassium cyanide, 
ammonia, organic bases as pyridine, mctliylaniine. Other 
liquids may be used instead of water, as methyl alcohol, 
ethyl alcohol, glycerol. 

VI. Barium Carbonate in Methyl Alcohol* 

Carbon dioxide passed into a solution of barium oxide 
in methyl alcohol gives a thick gel of barium carbonate. 
If more gas is passed in, the gel dissolves, forming an 
opalescent liquid. On evaporation in a vacuum it leaves 
a clear gel, which re-solates on addition of methyl 
j, alcohol. 

Unclassified Methods 
I. Conversion of one Sol into Another 
One example has already been given in Baal’s prepara¬ 
tion of s&ver sol from silver hydroxide sol (p. 193^. 

* ‘ Neuberg, mi. Zeitsch., 1908, *, 321, 854. 
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itchiieider' acted on stannic acid sol with hydro<;cu sulphide, 
und so ohtaiiied the sulphide sol. Meyer and I,otteriuo3er ® 

■ converted silver sol into silver halide sols hy means of 
free halogens, or of salts whicli readily givi; up halogen. 
Lottormo.ser also obtained cupric oxide sol from copper sol 
hy oxidation in ,air. As already stated, tlie sols of base 
metals (as prepared hy the electrical dispersion methods) 
are really oxide or hydroxide sols. 


II. <SW.s’ formed hij the solution, of Alloys 

(1) Some .alloys give rise, to a highly dis))er..^e .sol, when 
one constituent is insoluble in an acid and the others are 
soluble in it. .Schneider* m.ide a gold-tin-silver alloy, 
and treated it with iiitiac acid. A black powder was loft 
which was well washed with water. This residue gave a 
beautiful ruby sol with ammonia, tbi dialysis, purple of 
Cassius sol was obtained. 

In this case the stannic acid ju'otects the highly dis¬ 
perse golil; perhai)S the alloy is to be rcigarded as a highly 
disperse gel (cp. jip. 175 and IhO). 

(2) Wedekiiid^ reduced zirconium oxide with mag¬ 
nesium. A pail of the bhiek reduction product begins to 
go through the filter when treated with moderately strong 
hydrochloric acid and washed with water. The sol is deep 
blue and opalescent. 

^ Zntsek. anorg. Chcvi., 1894, 5, 80, 

’ J. 2>r. C/tm., 1897, [ii.] 66, 247; ibid , 1898, [li.] 57, 543. 

• Zettach. Elektrochem., 190!, 9, 030. 
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F.LECTliICAL DISr.MiSION METIIOP3 

TflEltE are two distinct mctliods of electrical dispersion, 
katliodc dispersion and dispersion in an electiic arc 
between two nndallio conductors in the dispersion 
medium. The latter, which is by far the more important, 
was discovered by Bredig so hdo as 181)8. Tlie former 
goes back to tlie times of Bitter and Davy. 

A tellurium kathode in water wilh a platinum anode 
sends out a cloud of brown powder. Using a high 
potential, Davy obtained a purple-red licpiid which spread 
through the water. This has been fully investigated by 
E. Mviller.* He found that a rod of pure tellurium as 
kathode, 5 cm. distant from a platinum anode in pure 
water, gives at 200 volts brown clouds, which form a brown 
sol. Selenium and sulphur sols were obtained by ])artially 
covering a platinum kathode with fused selenium or 
sulphur. The sol is formeil at the junction of the plat¬ 
inum and tho other element. High voltages are not 
necessary; sols are formed at even 4 volts. 

Bredig,)* who was engaged in an investigation of the 
decomirosition of organic substances by the electric arc, 
tried the effect*of passing an arc between metal wires 
under water. Dark-coloured licpiids resulted; gold wires 
gave red or violet liquids, which were very similar to 
Zsigmondy’s gold sols. Some metals, e.(j. mercury and 

' * Zeitsch. Elektrochem., 1905, 11, 521, 931. 

• IliJ., 1908, 4, 51; Anorg. Leipzig, 1901, 
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tin, gave suspensions of low disporsity; platinum, palla¬ 
dium, iridiuin, silver, and cadmium gave metal sols; 
thallium gave a hydroxide sol. Later, it was found that 
many metals give rise to hydroxide sols oply, as zinc, 
iron, aluminium. Metals with high solution pressures 
(> hydrogen) are not likely to yield metal sols in water. 
When Brodigsuhstituted orgtrnic liquids as tire dispersion 
medium, another difficulty was encountered, the de¬ 
composition of the liquid with i)voducliou of carbon, of 
which the sol contained a large amount, e./j. 75 per cent, 
of the solid in a platinum sol was carbon. Burton dis¬ 
persed several metals (cor)per, lead, bismuth, tin, iron, 
zinc) in methyl and ethyl alcohol, and platinum, silver, 
gold in ethyl malouate, but all these sols were very 
impure. 

These difficulties were satisfactorily overcome by 
Svedberg.* In the first place, in applying Bredig’s 
method to the preparation of organosols, ho found that 
increasing the active surface of the metal was favourable 
to .sol formation. Insertion of a condenser in parallel 
with the electrodes was a still further improvement 
These methods worked with the kathodically softer 
metals, silver, gold, copper, lead, tin, but failed with the 
“hard” metals, e.g. aluminium. Very positive metals, 
as calcium, caused greater decomposition than negative 
metals; the catalyser metals, cobalt, nickel, platinum, 
also gave rise to strong decomposition, while bismuth and 
tin had the least effect in this direction. 

Svedberg gives a list of 28 metal Ssols in isobutyl 
alcohol, with their colour and relative stability. The 
sols are mostly dark coloured, perhaps because of the 

' Ber., 1906,38, SC16; Mi., 1906,39,1705; Koll. Zeitsch., 1007,1,229, 
257; 1908, 2, xxix-xliv; Methoden tur Ilersiellung Kolloiiir 

LOfung^n, l)r6sdeD, 1909. 
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0 2—2 per cent, of carbon which they contain. A few 
examples may he given. 


Colour. 


Metal. 



Transmitted. 

Reflected. 

Stability. 

Ag . 



green brown 

lilack 

24 liours 

A1 . 



brown black 

black 

00 

An . 



dark violet 

black 

28 hours 

Cd . 



brown • 

grey black 

CO 

Cr . 



brown black 

black 

1-2 weeks 

Cu . 



grey black 

blue lilack 

20 liours 

Pt . 



brown black 

black 

00 

Zn . 



brown red 

grey black 

CO 

C . 



yellow brown 

grey brown 

CO 

P . 



colourless 

ilesh 

— 

Se . 



vermilion 

pale rod 

1-2 days 

Si 



brown ycllorv 

dark grey 

CO 

Te . 



brown 

black 

a few hours 


Svedlierg then >i,sed oscillatory disclinrges instead of a 
direct current arc, and with care was able to prepare pure 
metal sols in water and other liquids. By means of it, 
organosols of the alkali and alkaline earth metals have 
been obtained. The best conditions for sol formation 
are— 

Cai)acity .... as large as possible 
Self-induction . . as small „ 

Ohm’s resistance . „ 

Length of spark . „ „ 

Related metals are disper.sed to a similar extent; ease 
of dispersion in any series increases with the atomic 
weight. The order is— 

Cu, Ag, Au; Mg, Zn, Cd; 

Al,Th; Ni, Pt. 

, As ali^ady mentioned, the amount of decomposition of 
the dispersion medium depends on the nature of the^meMl. 





230 PREPARATION OF COLLOIDS 

11)6 following figures for alcohol sols indicate tho 
superiority of Svedberg’s method. 

Comjmrison 'if Alcohol Sols prepareil, lij Bmlujs Melhod 
{Dcpai), and hj Seeihenj. 


rercciitago of Carbon. 

Mrtal. Dcgon. b\ef]l)erg. 

m .0*25 

C.i.15 0-33 

Jfg.Ii2 1-4 

Pi.73 1'2 

A1.— IG 


1 . Gold Sol and Silver Sol by Bredig’s Method 
All animetor (A), a rheostat (/I), which will afford 
4-12 aiiiperes with the voltage (2201'.) and two electrodes 


+ - 



of pure gold wire, 1 mm. in thickness, and 6-8 cm. in 
lenglli, are connected in series with tho lighting circuit. 
The gold wires are pushed through narrow glass tubes for 
cotiveiiii'iioe ill handling. The resistance is adjusted until 
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8-10 ampere? pass with a 1 mm. arc between the wire's 
under water. The wires are momentarily touclied and 
drawn apart. 

A belter sol is obtained if a O'OOl n. solution of sodium 
hydroxide is used instead of pure water, but in either case 
salts should not bo present. So lou" as the arc passes, 
purple red clouds arc sent out from the wire; if the .arc 
is cxtingui.shed, the wires arc short-circuited again. The 
metal comes from the kathode alone; the anodo usually 
gains slightly in weight. 

In this manner Ilredig prepared sols of gold, silver, 
platinum, iridium. Silver sol is the easiest to prepare;— 

“Wires of 1 mm. diameter easily di.sperse in pure 
water, without .addition of alkali, with a curreiit of 4-8 amp. 
The dark sol is sometimes rcd-brcjwn to deo|) olive-green 
in colour; the dilute sol is yellow. They are very stable.” 

Cadmium sol could only bo prepared with pure water 
and in an oxygeu-freo atmosphere. 

2. Billiter’s Modification of Bredig's Method' 

A thin layer of the metal is electrolytically deposited 
on another metal, e.g. lead, copper, nickel, zinc, on iron; 
iron on zinc ; mercury on zinc or iron; or aluminium foil 
is wrapped round zinc or iron wire. These are used ns 
kathodes in Bredig’s process, the anodo is iron or 
aluminium wire. 

All the sols thus obtained are brown in colour; most 
of them are oxides or hydroxides, 

3. Svedberg’s First Method 

Small pieces of thin metal foil are suspended in the 
dispersion^iedium in a cylindrical vessel. The electrodes 
' Ber., 1902, 56,1929. 
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sre wires of" liard ” metal, e.g. iron or aluminium, and are 
^connected with the 220 volt circuit. The foil is kept in 
rapid movement, and sparks readily pass from one piece 
to another. • Tlie current is read off on an ammeter, 20-50 
milliarnperes being suflicient. 

If a condenser of 0-32 microfarail capacity is joined 
in pai-allel with the electro,des, the dispersion is quieter 
and there is also loss decomposition of the liquid. 

By this metliod sols of gold, silver, copper, lead, tin 
can conveniently he obtained in water or organic liquids, 
as alcohol, acetone, ether, chloroform. 

4 . Svedberg’s Second Method 



The secoivlary terminals of a largo induction coil 
(12-15 cm. sjjark) are comieotcd with the electrodes, and 
in parallel with a glass condenser of 225 sq. cm. surface. 
The electrodes dip into the liquhl contained in a basin, 
at the bottom of which is placed the metal in yio form of 
grains or small pieces (Fig. 14); the electrodes need not be 
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of the same metal. Dispersion takes place rapidly ap'd 
quietly, and many sols can be prepared in this manner.. 
The contents of the basin may bo kept in gentle motion by 
means of one electrode. 

5. Sodium Sol in Ether 

The apparatus consists 'of a 
small flask with a long neck, and a 
hard glass tube which just fits into 
the neck. A rubber tube slipped 
over the junction makes it gas- 
tight. The lower end of the tube 
is closed up except for one or two 
minute holes, which afford com¬ 
munication between the tube and 
the flask. Platinum wires are 
stretched on the inside of the tube 
from bottom to top, where they are 
fused in. Dry ether and small 
pieces of sodium, the latter to a 
depth of 0'5-2 cm., are placed in 
the flask. The top of the tube is 
connected with a supply of pure dry 
hydrogen, which is jiassed through 
the apparatus for 1-5 hours, after 
which the other is sucked by means 
of a pump into the tube, and the I'lo. 1.5. 

current turned op. 

For other metals, as potassium, rubidium, c.'csium, a 
low temperature is neoes.sary. The flask is placed in a 
mixture of solid carbon dioxide and acetone, or, better, of 
liquid air pnd alcohol, in a Dewar vessel. The ether must 
b'e very pure and dry. 
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Other liquids may be used, e.g. pentane, methane, 
.chloroform." Isobutyl alcohol is the most generally useful 
. alcohol, as lower ones may give alcoholates, and higher 
ones are decomposed. 


6. Electrical Dispersion of Non-metals (Svedberg) 

Any solid element or compound which has a moderate 
electric conductivity can be dispersed by this method, e.g. 

carbon, silicon, selenium, tel¬ 
lurium ; and minerals, as 
magnetite, copper sulphide. 

The following is a con¬ 
venient form of apparatus for 
])Oor conductors: a glass fun¬ 
nel with a ground edge is 
litted with a conical vessel 
of .aluminium, in which is 
placed the powder and the 
liquid. The funnel is covered 
with a perforated glass plate, 
through which an aluminium 
wire is led. The glass funnel 
acts as a convenient insulator; 
the conical vessel and the 
wire are connected with the 
induction coil, and the wire may also be earthed. The 
powder is dispersed as sparks pass between the electrodes. 

Sols of sulphur, phosphorus, mercuric o.xide, copper 
oxide, and prussian blue in isobutyl alcohol wore prepared 
with this apparatus. The sols are very dilute, but can be 
concentrated by evaporation. 




PART III 

ADSORi'TION 


OlIAFTKIl XVI 

SUltt'ACK I’llEXOMHNA 

Some jiislirication may seem I '.c ssaiy for Uie deparliiro, 
in tliis section, from tlie priiicipk! adopted in tlio rest 
of tho book, in vvbich llie pheiioinena arc described lirsc, 
and then tho various theories and explanations which 
are deemed of .sullicient importance are discussed. Hero 
what is to some extent tlie reverse procedure lias been 
preferred, for tho reason that it seemed of the utmost 
importance to have a guide tlirough the mass of facts 
and observations, and booau.so there is, in this case, one 
central idea round wliich these ascertained facta can 
be ranged, and which therefore edects tho necessary 
simplifreatiorr. 

This essential fact is that there is always a dilTererrce 
in concentration at the boundary lietween two hetero¬ 
geneous phases, whether tire jihases he gas, liquid or solid. 
This “surface concentration” is tho principal factor in 
adsorption, from which all tho generalisations may be 
deduced; the deviations from these laws are rhro to 
secondary disturbing factors, which vary from case to 
case; or, in certain instances, tho [iherromerra are not 
really adsorptions, but bear a more or less close general 
resemblance to them. 
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This being the position, we will in the first place 
ascertain the facts regarding surface concentrations, and 
to do this, we must take into consideration surface 
energy and surface tension. From them we will deduce 
the empirical generalisations regarding adsorption, and 
finally, will consider the other phenomena which are liable 
to be cla'-sed as adsorptions. 

Surface Energy and Suiface Tension.—The surface of a 
liquid, i.e. the interface between it and the gas phase, 
whether its own vapour or any other gas, is the seat of a 
form of energy, the surface energy. This energy may be 
regarded as characteristic of the liquid state, just as 
volume energy is of the gas state. Its two factors are 
surface tension and the area of the surface, the former 
being the “ intensity ” factor, and the latter the “ capacity ” 
factor; the corresponding factors of volume energy are 
pre.ssuro and volume. Surface energy is therefore the 
product of the area and the tension— 

surface energy = surface X surface tension. 

It may be well to note here that, contrary to the case 
of gases, whore the energy decreases as the volume 
increases, the surface energy of a liquid increases with 
increase of surface, and that, therefore, the surface of a 
liquid tends to diminish spontaneously, while to extend 
the surface energy must be supplied to the liquid. This,V 
as we shall sec later, is of fundamental importance in the; 
consideration of surface concentration and adsorption. 

Owing to the small numerical valqe of the intensity 
factor, surface energy forms an insignificant fraction of 
the total energy of a liquid, unless the development of the 
surface is extraordinarily great. 

Specific Surface.—The relation of the surface of a system 
.. to its volume can be conveniently expressed by the spedifio 



atTRFACE PHENOI^ENA 


227 


surface, a conception introduced by Wo. Ostwald. It is. 
obvious that the actual surfaces of equal volumes of a 
substance may vary enormously, from the minimum 
surface of a single sphere to indcniiitely high values in 
the case of thin’ sliects, rod.s or very small particles, whether 
drops or powder. 

The specillc surface is tip! .suifico divided b/ tho 
volume. For a cube witii leiigtii of side I, the surface is,^ 
W*, and the volume is P, and the specific surface is 6/1, 
from which it follows that a C cm. cube lias unit specific 
surface. 

Surface energy is negligibly small, unless the specific 
surface is at least 10,000. 

Surface Tension of Pure Liquids.--For a detailed 
account of surface tension and the methods of measure¬ 
ment, the larger textbooks of I’hysics or of Physical 
Chemistry should bo consulted. All that can be done 
hero is to present those aspects which are of immediate 
importance from our present point of view. The methods 
of measurement fell into two el.a.sses, the static and the 
dynamic methods. The former include the rise in a capillary 
tube, the weight of the hanging drop, the adhesion of a disc 
to the surface, and direct measurement of the curvature 
of the surface. The latter include the oscillating jet, tho 
oscillating diop, and the capillary waves methods. As a 
rule all tho methods give concordant values in tho case of 
pure liquids, but not in tho case of solutions, for whicli 
the static methods do not agree with tho dynamic 
methods, althougUeaoh class gives practically concordant 
results. 

The numerical values of the surface tension of liquids 
are usually small; for water, which has a greater surface 
tension than* most liquids, it is 77 ergs at 0° C.; i.e. 77 ergs 
are necessary for the production of 1 sq. cm. of water surface. 
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'Below are given the surface tensions of a few typical 
„ liquids. 


Surface Tension, 

1.—Liquids at 20° C. 


Water . 

: . . . 7 ;i-o 

h’ormio acid 

. . . 

37T 

Methyl alcohol . . 23’() 

Acetic „ 


23-5 

Ethyl 

„ . . 22'0 

rro])U)nic„ 


26'2 

Propyl 

„ . . 2,S’6 

n-l)Utync „ 


26-3 

Isobutyl 

„ . . 22-5 

Aniline . 


43-8 

Isoamyl 

„ . . 23-5 

Pyridine 


38-0 

Fithcr 

. . . . 16'5 

Nitrobenzene . . . 

41-S 

Acetone. 

.... 23*0 

Itiaizene 


28'8 



Toluene. 

. . . 

28-2 


11 .—Metals. 



Mercury. 

. 15° a 43C 

Cadmium 

305° C. 

810 

Sodium . 

. 90° 520 

Iron . . 

1200° 

1000 

Tin . . 

. 277° 010 





IIT.— I'lisL'd Sails. 



Kf . . 

. 700 ° C. 80 

KNO, . 

338° C. 

no 

KCl . . 

, 790° 100 1 NaNtlj . 

. 339° 

100 


IV.—(Juses. 



II2 . . 

. -252° 0. 2 

CL . . 

-72° C. 

33-0 

E2 . . 

. -190° 8 

GC . . - 

-190° 

11 

O 2 . . 

. -183° 13 

cc\ . 

-l-15-2° 

2 


The Temperature Coffiecient.—The variation of surface 
tension with the temperature is given by the formula— 

a I — <7 f I — at) 

from whicli there must be a teinperaturo at which <t = 0. 
This is most probably the critical point (Frankenheim), at 
which the difference between liquid and gas disappejrs. 
As a ‘matter of fact, the critical temperature can be 
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calculated fairly well by deterniiniug the surface tension 
at two temperatures, and extrapolating to a= 0. 

It also follows that li(pu(l3 wliicli are near tlieir 
critical points; c.y. condensed gases, will have small 
surface tensions, while liquids far removed from their 
critical points, as molten metals and fused salts, will Jiqve 
large surface tensions. The v^rluo of a also depends to 
some extent upon the value of a ; for ordinary liquids 
0 = 0 001), while it is much larger for substances with 
small (T, as gases, for which a = 001.'), and much 
smaller for those with large a, as metals, for which 
a = 0 OOOd. 

The Molar Surface Energy. -Reference may be made to 
this in passing, as it is of interest and importance. Tlie 
Molar surface energy is a colligativo property of liipiids, 
and is as general as (he ga.s constant It is for gases. 

The molar surface energy is the product of the molar 
surface and the surface tension. If V is the molar volume 
the molar surface is jiro]iorlioiial to V*, .since the volume 
of a sphere is as the cuhe of the nidiiis, while its surface 
is as the square; the molar .siiinice energy is thus 
omitting the numerical factor y glw. 

Edtvds and llamsay ami Shields found that it decreases 
proportionately with rise of temperature, bocomiug zero 
at the critical tomperaturo (.see above), and that the 
temperature coefllcicnt is the same for all liquids. If then 
Wi is the molar siirfiiee energy at the temperature t, and 
that at 0°, we have— 

= ’'0 ~ 

where B is a constant independent of the nature of tlio 
liquid. This equation becomes identical in form with 
the»gas equation if the temperature is counted Irold the 
critical tiannerature as zero, at which cr = 0. 
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Expressing tlieso temperatures by D, auil the molar 
surface by lo, the equation becomes-- 

crw = lil) 
analogous to pr = liT 

'■The value of P. is 2']2 in absolute units. Py means 
of it we can (lotcrmine tlit; molar weights of liquiils, and 
if they are associated Ihiuids, tlie deviation in tlieir value 
of 15 affords a measure of the degree of association. 

Thickness of the Surface layer.—The thickness of the 
surface layer can easily bo de<luced from the fundamental 
consideration of Stefan, that to bring a liquid particle 
into the suiface requires half the work ncce.ssary for its 
transformation into vapour. From this the total amount 
of energy which can be imparted to a liquid in the form 
of surface energy is JW (W being the heat of vaporisa¬ 
tion), while the surface tension gives the energy required 
to lonn unit suiface. 

In tho case of water IW = 2'5 X 10"* erg for 1 g., 
and <7 = 77 erg, from which 1 g. of water ean cover 
IG X 10’ sq. cm,, and tho tliickncss of the layer is 
O'C X 10‘* cm. 

This also is the limit at which the properties of the 
substance perceptibly dilfer from those of the substance 
in bulk. This will become more apparent if we consider 
the variation of vapour pressure of a liquid with the 
curvature of the surface. 

Vapour Pressure of Curved Surfaces,—Since the effect 
of surface tension is to reduce the surface to a minimum, 
and since the surface of two drops of a liquid is greater 
than that of the united drop, while the volume and mass 
remain the same, the tendency is for a sysloin consisting 
,of an gssembhige of drops to unite into a single dAp. 
This may be effected eitlier by coalescence of the' drops by 
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actual contact, or by the transference of vappur from the 
smaller to the larger drops. 

The simplest method of getting at the difference of 
vapour press<ire between 0 curved surface and a plane 
surface of a licpiid is as follows:— 

A capillary tube is placed in the litpiid, vvlyc,h is 
contained in a vessel so lar^c that the surface in it is 
plane. The height to which the li(iuid will rise is 


a being the surface ten.sion.r the radius of the tube, and d 
the density of the liquid. The vapour pressure at the 
curved surface in the tube is equal to the vapour pressure 
at the plane surface, less the hydrostatic jiressuro of a 
column of the vapour, whose height is h. This pressure 
is equal to /iD, if D is the absolute den.sity of the 
vapour. Thus 

dp=p-p,=AD = ?jD 

The meniscus of the liquid is concave, and dp is negative, 
i.e. the vapour pressure at a concave surface is less than! 
that at a plane surface. Conversely it is greater to the | 
same extent at a convex surface. Thus the smaller the; 
drop the greater its vapour pressure; consequently small ’ 
drops will distil isotbermally over to the larger ones. 

, The actual differences are very small, eg. the vapour 
pressure of a drop of 0 001 mm. radius is about 1 per cent, 
greater than that of the plane surface. 

The Pressure in the Surface layer—The surface layer 
is under a greater pressure than the bulk of the liquid, 
Diving to the contractile force of the surface tension. It 
can be talculated in the following manner:— 
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A quantity of tlie liquid under the pressure p is con- 
nectcd with a splierical drop of the same liquid hy means 
• of a capillary tube. In equilibrium the pressure p, which 
tends to inorcasc the size of the drop, is cownterbalanoed 
by the surface tension which diminishes the surface, and 
consequently the size of the drop, i.e. for a small change 
in radius of the drop dr, tlqt work done by the pressure 
pdv is equal to adw, tlie opposing work done hy the 
surface tension, v being the volume of the drop, and w its 
surface. Wo tluis have 

adw — pdr = 0 

since increase of volume and increase of surface denote 
loss and gain of energy respectively. For tlie change in 
radius dr, the increase in volume d» is .dr, and tlie 
increase of surface dm is Sirr.dr. Thus 

o. Snr. dr = p. 4irr^ . dr 
whence V = 

r 

In the case of water, with <t = 77 erg, p = 154/r. 
Since atmospheric pressure is about 10® units, a drop of 
water whose surface pressure is 1 atmosphere will have a 
radius of 1'5 X 10"^ cm. or a diameter of 0'003 mm. or 
op. This must bo rcllected in the other properties, e.g. 
the density. The compressibility of water is 0-00005 for 
1 atmosphere, hence the density of the above drop will 
bo 0 00005 times greater than that of water in bulk. 
The other properties are changed to 'a proportionate 
extent. 

Surface Concentration.—From these and other con¬ 
siderations, for instance, of the “internal pressure” of 
liquids which is produced by the groat differefice in the 
liqleqular forces on the two sides of the interfsce, and 
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which attaius enormous maijiutuiics, it has been cofl-> 
eluded that the surface layer is a layer ol great ooro- 
jwession, a conclusion which has many im 3 )ortant- 
corollaries. .One illustration must sullioo. 

If the surface is a layer under great prossuro, the 
conoontratiou in the snifaee of a .solution must bedifl'erout 
from that in tlie hulk of the Ijcpiiil, or briefly the “ volume 
concentration.” For just as unequal temperatures in a 
dilute solution cause an unequal distrilmtion of the 
solute, a fact experimentally demonstrated by Soret, and 
later theoretically deduced by van’t Hoff, who found 
iSoret’s results to be in agreement with the gas law as 
apjrlied to solutions, so from the same law unequal 
pressures at constant temperature must also produce an 
unequal distribution. Only here, owing to the peculiarities 
of hydrostatic pressure, it is not so easy to perform the 
corresponding experiment. The subject will be referred 
to later (p. 2,')4), where the converse view is adopted, that 
the experinicutally proved difl'crenccs between surface 
concentration and volume concentration in solutions are 
taken as proof of tlie existence of a layer of compres,sion 
in the surface. 

It is pilain that in a j)uro liquid too, the surface 
concentration will be greater, if the surface layer is under 
great pressure. 

The Surface Tension of Solutions.—Tliere are thus 
importiinl dilfereuces between tlie surface tension of pure 
liquids and of solutions, wliiob until rcoeutly liad not re¬ 
ceived the atteiltion they merit, altliougli they were clearly 
indicated in the conclii.sious readied by Willard Gibbs. 

! As we have already seen, every free liquid surface, 
tends to diminisli its energy. In the case of a pure 
.Jiquid this can take place in only one way, viz. by tlie 
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inlensity factor, the surface tension, is a constant. But in 
absolution, it may be effected in this manner, or by 
decrease in the intensity factor, the surface tension. And 
this in general can always occur, for increase in concen¬ 
tration of tlie one component will produce an iucrease of 
8urface,tensiou, and of the other component a decrease. A 
solution can therefore alway&'decrease its surface tension, 
and its surface energy, by the appropriate change in con¬ 
centration of the surface layer. In other words, a solution . 
can diminish its surface energy, with a fixed area of i 
surface, by an excess of that component which reduces the ! 
surface tension entering the surface layer. 

Thus the composition of the surface layer of a solution 
is different from that of the rest of the solution, the 
“molar fraction” of that component which lowers the 
surface tension being increased. It is desirable, for 
the sake of clearness, to adhere to the use of the term 
“molar fraction” in expressing the composition of a 
solution, thus avoiding the arbitrary and unjustifiable 
distinction between the components, which the terms 
“ solvent ” and “ solute ” imply. If a solution contains 100 
mols of solvent and solute together, of which a mols are 
solute, the molar fractions of solute and solvent are a and 
100 — a respectively. 

It is clear from the above that the surface may 
contain either an excess or defect of solute. There is an 
important difference between the two cases; the former, 
surface excess, may be very large even in dilute solution, 
but surface defect is necessarily small. 

Static and Dynamic Surface Tensions.—This surface 
•concentration manifests itself in many ways, one of the 
most important of which is that since time is re(^uired for 
the necessary readjustment of concentrations when a fresh* 
Bui^e .is'produced, or an existing one extended, the 



235 


SURFACE PHEN'VlI^ENA 

surface tension of solutions is not constant, but varies 
with the time which lias elapsed since the surface was 
produced. In consequence of this, the various methods of 
measuring surface tension usually give different results 
according as they depend on dynamic or static methods 
(p. 227). In the former fresh surfaces are always, being 
formed, while in the latter, the surface is an old one. 
Tiie dynamic suifaco tension is nearer that of the solvent, 
while the static surface tension is usually smaller, since a 
solution usually has a smaller surface tension than the 
solvent. The values of the former will not as a rule be 
the real dynamic surface tension, but will lie somewhere 
between it and the static surface tension. 

The latter presents no special difficulty, except in 
certain cases, where the dilfcronco in concentration is 
aocompranied or followed by slow chemical changes, as 
with the soaps, where the surface tension may continue to 
change for hours or days. 

The following figures illustrate the differences between 
the dynamic and static surface tensions of some solutions. 

(T (Dynamic), cr (Static). 


Water .... 

. . 77) 

7,0 

Sodium oleatc . . 

. . 2C 

79 

Ileptylio acid . . 

. . 04 

08 


The static values were obtained by the cajiillary tube 
method, and the dynamic values by the oscillating jet 
method. 

• Sodium Sulpliale in JValer. 

Static (capillary tube). Dynamic (capillary waves). 
t = 10°. t = 15° 


% 

ff 

% 

<r 

0 

740 

0 

73-3 

4 01 

74-8 

5 

72 8 

507 

751 

10 

73-4, 

6-53 

75-6 

15 

72-6 
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SUEFACE CONCENTEATIOS 


The Surface Concentration Formula.—Tlie equudon con¬ 
necting the surface concentration and the .surface tension 
of the solution was first developed by Willard Gibbs 
(1870-78),* later by J. J. Thomson (1888),^ and in the 
form given here by Milner (1907).® 

Consider a solution, the surface and volume of which 
. are capable of independent reversible alteration, the latter 
by means of a semi-ponneable membrane, which separates 
it from water. If s is the surface, v the volume, a the 
surface tension, aud^ the osmotic pressure, the work done 
on the system by increasing s by as at constant v is ads, 
and that done by increasing v by do at constant sis —pdn. 
Since the final result is independeut of the order iu which 
these reversible changes are performed 



from which 


da dp 
dv~ ds 


ie. the surface tension will vary with the volume (and 
therefore with the concentration) only when the osmotic 
pressure depends on the surface. 

* Tians. Connecticut Academy, vol. IIL, 439. 

* Ajrplicatiom of Dynamics to Physics and Chemistry, p. 190. 
*Phil ^ag., 1907, [vi.] 18, 90. 
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The surface excess u is derived as follows: u is fhe 
number of mols in each sq. ora. of surface withdrawn from 
the volume, and ineffective on the osmotic pressure. II N 
is the number of mols in the original solution, the volume 
concentration, on which alone a and p depend, is— 

N — vs 


Changing to c as the variable we have- 


and 

from which 


da 

da 

do _ 

0 da 

dv'^ 

dc 

di! 

V dc 

dp 

df) 

do 

n. dp 

ds " 

^ dc 

ds ~ 

V dc 

da 


n dp 


do 


c do 



If the gas law holds, — IIT; or if not, = t'RT, 
Jc do 


whence 


da 

do 


c 

0 da 
' ~ illT do 


Tlie relation between concentration and surface tension 
is perhaps more easily derived in the following manner.* 
The surface w of the solution conlaiiis 1 mol of the 
solute in virtue of surface concentration, and a is the 
surface tension. A very small quantity of solute enters 
the surface C'om the solution and diminishes a hy da •, 
the corresponding energy is vda. Now this energy must 
exactly balance the energy required for the separation of 
the same quantity of solute from the .solution, i.e. to 
, ' Ostwald, Outlines 0 / General Chemistry, 3rd English Edition, 1912, 

p.495, 
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overcome the osmotic pressure due to this quantity of 
solute in the solution. If v is the volume which contains 
unit weight, and dp is the difference hetwcon the osmotic 
pressures of yio solution boforo and after its removal, the 
energy is vdp. We. thus have—■ 

u'da vdp = 0 

« 

If tlie gas law is .assumed to <'ipply to these solutions, 
V = RT/p, hence 

tt'i/a = — 

p 

da ItT 

or - = - - 

dp v:p 

and since p is directly proportional to the concentration, 
the formula gives the desired relation between a and e — 

da _It'f 

dc ~ cw 

As w is the surface which contains 1 raol excess of 

solute, u the excess of solute in unit surface is \jw, which 
gives finally— 

c do 
“ “ ~ liT \k 

It should bo noted that the surface tension concerned 
here is the equilibrium, i.e. the static, surface tension. 

This oquati<m shows that if a increases with increase 
of concentration, u is negative, i.e. the molar fraction of 
the solute in the surface diminishes, while if a diminishes 
with incroa.se of concentration, u is positive, and the molar 
Traction of solute in the surface increases. The same con¬ 
clusion has already been reached qualitatively (g. 234). 

, Verifiqation of the formula presents serious difficulties,* 
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and so far only qualitative agreement has been attained, 
i.e. the molar fraction changes in the direction indicated 
by tfie equation. 

The experimental demonstration of tlie equation, which 
w'as first derived by W. Gibbs in 1870-78, was long in 
being realised. In 1890 the author, working in Ostwald’s 
laboratory, observed tliat the electric conductivity of a 
dilute aqueous solution of sodium oleate changed when 
the solution was stirred up with the electrodes, so as to 
produce foam on tlie surface, and gradually returned to 
its initial value as the bubbles slowly collapsed. This 
could be repeated as often .as desired. Attempts to 
separate the foam on a largo sc.alc, in order to prove the 
difference by analytical methods, were unsuccessful. 
Zawidski * (1900) effected the analytical proof in the case 
of salts and acetic acid by the simple exjiedieut of adding 
saponin, and analysing the foam carried over by bubbles 
of air. The dilferouces in conccntr.ation were consider.able. 
Miss Benson^ (1903), working with aqueous amyl alcohol, 
which, like soap solutions, does not require extraneous 
substances to produce foam, found the surface concen¬ 
tration to be 0'0394 n., the original concentration being 
0-0375 n. 

Milner’s ® results are as follows:— 

Sodium Chloride.—The increase in o- is 1-72 dynes per 
sq. cm. for increase in c of 1 mol per litre, i = 1-74, 
It = 8-32 X IC erg per degree, T = 290, whence 
u =—4-09 X 10“" mol per sq. cm., or 
()-024 mg. per square metre. 

Acetic Acid.- i = 1'08, and u — -|-3-3 X 10“*“ mols 
per sq. cm., or 

0 20 mg. per square metre. 

* Zcitsch. phyaikal. Chem., 1900, 85,77. 

(T. Phya. Chm., 1903,7,632. * Loc 2SC, 
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Sodium OloAte.—No finite value for 
tained, as the following figures show:— 


(h 


could bo ob- 


Rolative 

surface 

Concentration. tension. 

0-02 .... 2-;i;.io 

0-06(> .... 2-300' 

0-0082 .... 2-275 


Relative 

surface 

Concentration. tension. 

0-0022.") .... 2-305 

-0-00200 .... 2-240 

water .... 6-15 


u was estimated by deteriiiiniug tlie dccreaso in electric 
conductivity produced by bubbliip^' air tlirouoli tbo .solu¬ 
tion and removing tlio foam. Tlii.s estimate came to about 
1-2 X 10"*® mol per s.p cm., or 

0-4 nil,', per sriuare metro. 

Milner ob.servod that tbo static and dynamic surface 
tensions of tbo so.ap solution were very din’erent. 

In spiito of tins want of (juautitative ai;reement, llic 
generalisation is ono of c.xtreinc iinporlaiice in its bearing 
upon adsorption, which is primarily and in the main a 
matter of surface e.xlension, ami therefore of surface con¬ 
centration. Before pa.ssing on to adsoi-ption it i.s accord¬ 
ingly necessary to inquire into tbo surface temsion of 
solutions, with especial refetpiioe to tlio variation of surface 
tension with concentration. 

Surface Tension of Solutions; the a, c curve.-Eefer- 
ence to tbo table of surface tensions on p. 228 will show 
that, of ordinary liquids, water has the largest surface 
tension, and clearly only a solvent with -i comparatively 
large value of a can show much variation of a, at least in 
the direction of diminution. And so it is that, apart from 
other properties of water as a solvent (unlc.ss, indeed, these 
are connected in some way with the largo value of cr)^ 
water differs markedly from many other solvents in that 
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very large ilecreases of surface teusioir do occur, and that 
most aqueous solutions have a smaller surface tension 
than water. All the possible varieties of curve between 
two components with dill'crent surface tensions are known, 
but for tlio present, at least, these variations of typo are 
of no particular moment. 

Gibbs pointed out that a squall quantity of solutfc ^nay 
cause a large decrease of surface tension, but cannot 
increase it to any great extent (see p. 24ft). Accordingly, 
the majority of a, c curves lie below the straight line joining 
the values of a of the two components; further, they 
either pass throngli a minimum or exhibit a tendency to 
a minimum. Naturally there are instimeos where the a,c 
curve is the connecting straight line, but this only occurs 
when the two substiincc.s arc chemically similar and when 
their surface tensions arc not far apart. 

Surface Tension of Solutions.—The surface tension of 
aqueous solutions of salts, and especially of inorganic 
salts, is greater than that of water, and increases linearly 
ivith the concentration. This is in accordance with the' 
;cneral rule, for the surface tension of salts is undoubtedly 
jrcater than that of water. S(dutions of hydro(;en chloride 
ind hydrogen bromide, which as pure liquefied gases have 
unallcr values of u, h.ave sligli^y smaller surface tousions 
hau water. 


Surface Tendon of Elcclroli/ks in iralrr. 


t = 18'^^: c = 1‘5 mol per litro; ith „ 70 3. 


HNOo . . . 

. 74 2 

KNO, . . 

. . 7G-9 

HCl ... 

. 74-i) 

KCl . . 

. . 77 6 

HjSO^ . . . 

. 7C-0 

K 2 I- G 3 . . 

. . 79-9 

NaOll . . . 

, 78 3 

NaNO,. . 

. . 77'2 

KOH t . . 

. 78-0 

NaCI . . 

. . 77-8 

NIV . . . 

. 72-2 

NlIiNOj . 

. rin 
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The following figures show the types of variation of 
surface tension with concentration:— 


Cone. 

Cano Sugar 

noi 

NaOH 

NaNO, 


(in 

(20°). 

(20-). 


0 

78 

73 0 

72-8 

73-5 

5 

63 

72-5 

74 6 

75-0 

10 

57 

72'3 

77'3 


1,5 


72 C 

80-8 


20 


71-4 

85-8 

77-6 

25 

51 

70 7 

90-0 


30 

59 




35 



99-7 

80-8 


The a, c curves arc slraiglit lines, being exactly ex¬ 
pressed by— 

Obolution ~ CTwater (1 "h ^ 

Similar behaviour is shown by all kinds of solutes in 
solvents wlu'ch have a much smaller surface tension than 
the solute, e.g. camphor and benzoic acid in ether or acetone 
give curves which increase linearly with concentration in 
precisely the same manner as salts and water. Salts in 
alcohol also follow the same law. 

There are many substances which exert a very slight 
effect on the surface tension of water in either direction, 
such are salts of fatty acids, of hydroxy acids, and of 
amines; polyhydroxy compounds generally also belong to 
this group. 

The active substances, which, ns stated above, are only 
active when the solvent has a large surface tension, are the 
fatty acids, alcohols, amines, esters, and njany other organic 
compounds. In all these cases the surface tension falls 
very rapidly with very small concentrations of solute, 
while comparatively large amounts of water are required 
to increase the surface tension of the othep substance. 
This ii in accord with the views already set foltb 
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regarding the change in molar fraction and change in 7. 
This is shown in the tables below and in Figs. 17 and 18. 


Acetic Acid in 

1 Water. 

1 Ethyl Alcohol 

in Water, 

(«= 20’ 


t = 15^. 

Concentration (%). 

tr 

Concentration {%). 

(T 

0 

75-1 

0 

72-2 

100 

57-4 

10 

51-2 

20-3 

49-C 

' 20 

40'G 

43-9 

;!7'1 

30 

34-7 

50-2 

:!7'() 

40 

31-2 

67-8 

33-6 

60 

29-1 

78-0 

30-3 

CO 

27-7 

87-6 

28-8 

70 

2C-G 

97-5 

20-4 

80 

2.5-4 

99-7 

24-3 

90 

22-1 


i 

100 

22-5 
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V (litres per 
mol). 

tisobiit)] alcoliol. 

Butyric acid. 

rropylamhie. 

1 

26-99 

2307 

46-20 

2 

3G-01 

40-82 

52 6 

4 

44-92 

48-87 

59-1 

.8 

52 81 

56-1 

62-6 

](! 

6(1-02 

’ 62-7 

67 9 

22 

' 65-76 

67-1 i 

09-8 

64 

68-7 

69 9 


128 


71-3 1 



oc (water =) 72 95. 



activfctrenio ex.iiTi]ilcs of tliociiiuiimtioii of surface tension 
fatty acU.’-e given by soap and nonylic ivdd; the surface 
compounds.''02 n. sodium oleato is 28 r), and of a 0-0008 n. 
very rapidly w. 

while comparatively ures of two substances on the surface 
to increase the surfaouears to be additive, hulh in the 
a'his is in accord witli-ids. * 
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Dynamic Surface Tension ot Salt Solutions,—In view of 
the above o, c tables, the djuamio surface tension of Siil'’ 
solutions presents an intcrestiii}' problem. As stated above 
(p. 234) tliQ surface tension ot a fresh smface usually 
differs from that of an old siirfiiee, in which equilibrium 
has had time to become established. Quincke noticed that 
in salt solutions <t changed with time, tlie differences being 
fairly large, but these may have been dlic to traces of 
grease. Others have observed chang(!S which they attri¬ 
buted to increase in molar fraction of the water, but in 
one case the change is in the wrong direction, and in the 
other the result.s show very considerable fluctuations. It 
is not surprising tliat Jlilnor found very great differences 
in the surface tensions of fresh and old suifaces in the 
case of sodium oleate (p. 240), 

Magnitude of Surface Excess and Defect.—A snuall 
quantity of solute may cause a large diminution of surface 
tension, hut not a large increase. If tlio snrf.ico tension 
of a dilute solution is greater than that of water, and 
increases with concentration, the molar fraction of the 
solute ill tho surface layer must diniiiirsli. Clearly the 
limit is reached wlien tlie surface is pure water, ie. wlicn 
the molar fraetioii of the solute is zero. In the opposite 
case, the molar fraction of the solute must increase, and 
in the limit the whole of tlio solute will be present in 
the surface, and may, as shown above, produce oxlreinoly 
large diniiiiutious ot the surface tcn.sioii. 

The problem m.ay be discussed from a different point 
of view. To rcluovo solute from the volume of the liquid 
the osmotic pressure must bo overcome, and the corre¬ 
sponding amount ot energy must be supidied. If the sur-, 
face tension (the surface remaining constant) is reduced 
J)y increase of concentration, the addition of this amount 
of solute will set free a corresponding amount i5f surhtoe 
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energy, whicji is thug available for the osmotic work. 
'Dat if the surface tension is increased with increase of 
onceutration, the addition will increase the surface 
energy in the surface (for constant surface), and both 
operations can continue only if energy is supplied from 
withvut. In the former case, one process requires energy 
and the other liberates it,' while in the latter both 
processes require energy. 



CHAPTER XVIII 


ADSOUI'TION 

Adsokption, in its most yeiioral sense, implies tlie unequal 
distribution of a stil)stance at tlic boundary between two 
heterogeneous phases. At the interface of a solid and a 
gas or vapour, it is usually called gas adsorption, as the 
difference in distribution of the solid phase is negligibly 
small, or, in any case, eludes observation. Tliore is pro¬ 
bably uneven distribution on both sides of the interface 
between liquid and gas phases. The suifaoe concentra¬ 
tions dealt with in detail in the previous chapter are 
instances of this. Finally, we have llie case of the 
boundary between solid and licpiid phases, and especially 
of solutions, which comprises the cases most usually 
referred to as adsorptions. 

Here, too, the inequality of concentration is on the 
liquid side of the interface, although the substance 
adsorbed has frequently been regarded as bound to the 
solid. This is because the surface layer in which this 
concentration difference exists is a very thin layer, and is 
the layer whicTi wets the solid, and remains wetting it 
when the rest of the liquid is poured away. 

From the facts given in the previous chapter, it is’ 
plain that, since the surface concentration differs from the 
•volume concentration, any considerable extensiqn of sur¬ 
face in a fixed volume of solution, such as occurs when 
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a* quantity of solution is shaken up with a very fine 
i^solulile powder, must produce a very considerable 
ehanyo in the volunio oonc(mtration. And further, if 
this surface'extension is tlie main factor ip adsorption, 
the main features of adsorption should be capable of pre- 
iiction from the known facts of surface concentration, 
liiisis' what wo jmipose to .sl;ow in the present section. 

The Genert.l Phenomena of Adsorption.—(1) The sur¬ 
face e.xcess in a solution i.s usually positive (p. 211); siioli 
solutions will qiyo rise to positive adsorption, i.e. when 
they are shakcni up with a line insoluble jiowder, the 
volume conoentiation will diminish. This is what is 
ob.seivoil. It was along time before negative ad3orpti(jn 
was observed at all, while positive adsorptions have been 
known for a very lung time. 

(2) Inirthcr, surface excess may bo large even in dilute 
solutions, while surface defect is necessarily small. This 
also is what is found in adsorption generally, rosilivo 
adsoiqition may he very large, almost all the solute may 
he I'tanovcd, especially from dilute solution, by shaking it 
lip with the iidsorhciit. Negative adsorption is usually so 
slight that it is diflionll to determine it with accuracy. 

It should be borne in mind that the simplest way of 
expressing surface oouceiitratiuns is in terms of the molar 
fiaetion, i.e. the molar fraction of the component which 
lowers the surface tension increases in the surface, and 
adsorption follows the same rule. Negative adsorption of 
solute is lliiis really positive adsorption of solvent. This 
is of real importance, ibr serious errors li'ave arisen from 
overlooking the fact that the adsorbent may adsorb either 
,or both of the components. 

(3) The adsorption should be proportional to the 
actual extension of surface; if an adsorbent is <Si aiiproxU 
mately^ uniform size, the same weight of adsorbent wUl 
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effect tlie same amount of adsorption. That is, tlie 
adsorption for any .substance is a functioti of its speciljc 
.surface. The kind of uiiifonnity attained l)y sieving is 
not siiflicicyt, for all efficic’it adsorbents f)OSSO.sa in 
addition an enormous surface, duo to porosity. 

(4) It follows from this, too, tliat adsoi'ijtion i.s an 
equilibrium, i.e. that if a ,;iven volume of solution of 
known eoncentratinn is .shaken up with .» given weight 
of aceitaiii adsorbent until equilibrium is attaineil, and 
(ho solution is then diluted by addition of a known 
volume of .solvent, the amount ad-soibed is .also reduced, 
until it is the same as would have been adsorbed directly 
fiom a sola'ion of the same concentration by the same 
weight of adsorbent. This has been fully e.stablished by 
Ostwald, Schmidt, and by rreundlich ; c.y. 1 g. of charcoal 
shaken up with 100 oc. of a 0 0088 m. solution of acetic 
acid for 20 hours gave a final volume concentration of 
0'00078 111 ,, while 1 g. shaken up for the same time with 
50 c.c. of a 0 1370 in. acetic acid, to wliich ,50 0 . 0 . of 
water were then added, and shaken up .again for 3 hours, 
gave a linal concenlraliou of 0 00004 in. 

(.5) The .specific surface of an adsorbent is not known, 
and as pointed out above, cannot he estimated from the 
average size of the particles. It is clear, liowever, that the 
same extension of surface ought to produce the same amount 
of adsorption in any given solution, independent of the 
nature of the adsorbent, but not independent of the nature 
of the solution. Tlio amounts adsorbed by equal vveiglits 
of two dilfereift adsorbents (or two different samples of 
the same substance), from equal volumes of the same 
solution, will thus he in the ratio of their specific surfaces. 
The method may bo looked upon as one for fi.ving the 
rfelative sjiecifio surfaces of solids. 

This deduction is fully borne out by the experjmental 
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data. It is a well-established empirical rule that the 
.(jrdor of elTioieiicy of adsorbents is comparatively 
independent of the nature of the adsorbed substance and 
of tho solveht,and is not obviously related t&the chemical 
nature of the adsorbent. 

The adsorption equation is-— 

« 

X L 
— = ac“ 
m 

X is tho weight of substance ailsorhed by m the weight 
of adsorbent. 

c is the volume concentration after adsorption is complete. 

o and - arc constants. 
n 

The ratio of the values of a for two adsorbents and 
different solutions ought, according to the above, to bo 
a eoustant. This is the case, ejj .— 


a charcoal 

Crystal violet. 

Patent blue. 

New fuchsin. 

a wool 

8-2 

99 


a charcoal ... . . - . 

a silk 

21'1 

2f.'9 

2.’!-2 

a cliarcoal 

1.% 



a cotton 




Further confirmation is afforded by Walker and Apple- 
yard’s results for the adsorption of picric acid from water 
and alcohol solutions by charcoal and silk. 

O'Ol a. picric acid in 
Water. Alcohol, 

- charcoal 
in 


7-3 


6-2 
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(6) The adsorption should depend largely on th6 
solvent: the smaller the a of the solvent, the smaller the 
decrease of a in the solution. Adsorption must therefore 
be stronger ia aqueous solutions than in alcohol. Thus 
wo have the following empirical rules, all of which are 
simple deductions from the theory. 

(a) A solvent in which Irther solutes are strongly 
adsorbed, is itself feebly adsorbed when* dissolved iii 
other solvents: its a is large and so it gives rise to small 
positive or negative adsorption in solutions of liquids 
with smaller a (p. 242). 

(S) Substances which are strongly adsorbed from 
solutions are themselves solvents in which adsorption is 
feeble. This and the preceding rule are contained in the 
statement that the molar fraction of that component 
which lowers the surface tension of the solution is increased 
in the surface layer, whether that component bo present 
as solvent or solute (p. 231). 

(c) Inorganic salts, acids and bases, polyhydroxy 
organic compounds, etc., arc feebly adsorbed from water; 
the adsorption is usually positive, but may bo negative. 

' - {d) Most organic sub3tancB.s, organic acids and bases, 
especially aromatic compounds, dyes, etc., are adsorbed 
either moderately strongly, or to a very marked degree. 

(e) Adsorption from solutions in alcohol or other 
organic solvents is usually small. The amounts adsorbed, 
®/ot, from solutions of picric acid in water, alcohol and 
benzene were— 


x/m 

Water.1 31 millimol 

Alcohol.0'77 „ 

Benzene. 0 49 , 


t (/) A* substance adsorbed from a solution is very 
difficult to remove from the adsorbent by washing w^lh 
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tile solvent. But it can be readily extracted with a 
^solvent of snialler surface tension. For instance, the 
pliitimim black on elect roilos of conductivity vessels 
strongly adsorbs picric acid (and also otliej’ acids) from 
dduLe aqueous solution, and it is practically impossible 
to remove it completely by even prolonged soaking in 
water.' If the electrodes are placed in alcohol, the liquid 
soon bcoome-s* bright yellow from the presouce of picric 
acid. 

This behaviour is frequently made use of in technical 
chemistry. Many organic bases (alka]oid.s) are strongly 
adsorbed from aqueous solution by animal charcoal, and 
can be recovered from it by extraction with alcohol or 
other organic liquid, whose a is sufficiently small. 

The Adsorption Isothermal.—it might seem to be the 
simplest method of approaching adsorption to consider it 
as a special case of the general I’artition law or Distribu¬ 
tion law of Nernst, of which Henry’s law of the solubility of 
gases is also a special, though simple, case. 

Xlie Distribution law as frequently formulated is 


wbicb expresses that if a substance is shaken up with two 
immiscible liquids in each of which it is soluble, the ratio 
of its concentrations in the two layers is a constant, inde¬ 
pendent alike of the total amount of solute and of the 
relative quantities of the two liquids. In this form the 
equilibrium only holds for substances whqse molar weight 
is the same in *he two Ii(piids. If it is associated in the 
one and not in the other, or if it is associated in both but 
to different degrees, the formula becomes 
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where n is the association factor, ana is oovionsly a siui])lp 
integer. The two following talile.s illustrate the two 
equations. 

Succinic Acid in Kllicr and JJdi/cc, 


C, 


C. 

fiA, 

0 021 


0 oodo 

.7'2 

0 070 


fl'Oi:', 

.7'2 

0121 


0(/22 

.7-4 

Benzoic Acvl in li'tfir and j 
(c = g. iu 10 c c.) 

'!cn:cnc. 

«i 

c. 

fl/c, 

c,/v^c. 

001.70 

0 242 

0'0i;2 

0 0:105 

ooior, 

0 412 

04148 

0 0.101 

0 0289 

0-970 

OOllO 

04l2;t8 


The adsorption crpialion is of the same form as this 

(*1 t 

- ‘ = /c or — actt 
C 2 “ '/n 

but differs from it in the values of 11 . Here it may vary 
within fairly wide limits, Imt is always greater than 1, 
]/n being between OT and Of). The adsorption of 
arsenious acid by freslily ]irccipilated fenic hj dro.xide is 
expressed by the equation ‘ 


■^= O'Cdl 


1 / and ® being respectively the amounts of acid adsorbed 
iiid remaining in the solution— 


y 

tE (obs). a 

1: (calc). 

0-251 

O’OlO 

0-010 

0-415 

0-107 

0-1 2 ;! 

0-549 

0-495 

0-498 

0-015 

0-952 

0-SSl 

0-712 

1-898 

1-828 

0-824 

3-875 

3-740 


' Biltz, Ber., 1904, 37, 3138, 
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To explain this as a case of partition of solute, would 
imply that the arsenious acid in ferric hydroxide gel has 
One-fifth the molar weight it has in water. But it iS' 
normal in the latter, and there is no chemical justification 
for supposing it to ho dissociated in such a nlanner. 

The following may bo taken as typical examples of 
adsorption from solution. 

(a) Acetif Add in Water by Charcoal at 25° C. 


Concentratiou, 
0-018 
0-031 
0-0016 
0-120 
0 208 
0-471 
0-882 
2-70 


X 

m 

0-407 

0-024 

0-801 

1-11 

1- .5.5 

2- 04 

2- 48 

3- 70 


(b) Benzoic Acid in Benzene by Charcoal at 25° 0 

X 

Concentration. 7 ,j 

0-0002 0-4:57 

0-025 0-78 

0-053 1-04 

0-118 1-44 


The corresponding curves arc given in Fig. 19. As 
already explained (p. 103), the best test of the validity of 
the adsorption law is to plot the logs of the concentrations 
against the logs of .-c/m; if the law holds, these curves are 
straight lines. The lower part of Fig. 19 shows that this 
is the case in both the above examples. Similar curves 
for the adsorptions of carbon dioxide by charcoal are given 
. ill Fig. 20. 

Lagergren’s Theory of Adsorption.—Starting from the 
idea of the surface layer being a layer of compression. 
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Lagcrgren applied the le Chatelier tifeorera to adsorption, 
and deduced that the surface concentration would be greater 



Fra. 19. 

Adsobption by Charcoal from Solutions, 

or less than the volume concentration according as the 
change in concentration of the solution is accompanied 
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by increase or decrease of density, wbioh would j,dve rise 
to positive and negative adsorption respectively. 

' Now this is a perfectly correct deduction, altliougli it 
was adversely critici^iul liy 0.stw,ald on tlie ground tliat 
the theorem did not apply to a dilute solution, hut only to 
the solubility, i.c. (o the cnuilihrium between the saturated 
solution and the solid phase. Hut just as a uniform dilute 
solution which is unei|ually heated becomes unequally 
distributed until the osmotic pres.sure of the more dilute 
part, at the higher temperature, is the same a.s the osmotic 
jiressure of the more concentrated jiart at the lower tem¬ 
perature, so, too, with unequ.al ]u'essure at constant tem¬ 
perature. Solute or solvent will enter the layer under 
pressure according as the one or the other causes an 
increase in den-sity (p. 232). 

Lagcrgren had previously measured the adsorption of 
salt solutions by various adsoibents, and had found that 
some of them were negatively adsorbed, sodium chloiido 
being one of those which are so. The total elfect i.s very 
alight, but there is no doubt that it e.vusts. Hut sodium 
chloride dues not appear to he a suhstauco which accord¬ 
ing to the theory ought to he negatively adsorbed, tliough 
both ammonium chloride and bromide ought to bo nega¬ 
tively adsorbed, and were found to be so. 

There can he no doubt, however, as to the relation 
between the compression and uneven distribution, so tliat, 
since the latter lias boon experimentally demonstrated 
beyond question, it may bo concluded that tlie surface 
layer is in a state of compression, as Lagergrou had assumed 
on other grounds. 

Pseudo-adsorption Phenomena.—It cannot be over-em¬ 
phasised that true adsorption is an equilibrium, which 
can he approached from cither side, and is therefore 
reversibb. There are many piienomeua wliioli aih 
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superficially similar to adsorption, but winch arc really very 
did'ereiit in oliaraider, and ought not to be classed along with 
ndsorplioii. They are not equilibria, and are irreversible. 
Some of them may be adsorpliona at the beginning, but 
secondary changes, which are not reversible, supervene. 

To take an extreme case first, by way of illustration; 
charcoal, as is well known, adsorbs many substance^ from 
aqueous solution, and among tliem many uietallio salts. 
Some salts of heavy metals are so completely removed 
from solution hy it that not a trace of the metal can be 
detected in tlio liquid, whicli liocomes strongly acid; but 
what ha,s been taken out hy the charcoal cannot bo re¬ 
moved from it liy washing with water. Tlearly, the salt 
has been decomposed, the metallic ion has .actually been 
deposited as metal (or in some eases liydroxide, owing to 
interaction with watm-) on the eharenal. Tlie first action 
may bo adsorption, especially as salts of heavy metals 
are powerful prccipitants of sols, and are thn.s probably 
strongly adsorbahle, hut the linal state cannot ho p\it 
down to adsorption. 

The formation of metal from metal ion need not even 
bo as(!rihed to chemical action, whetlier of the charcoal or 
of the adsorbed gase.s, for charcoal, wliich is highly porous, 
is negatively cliargcd in contact with water, while the 
water is po.-itively electrified. At each capillary tube 
(pore), tliorofore, the water in the lube will he positive, 
and tlio charcoal at the entrance to the tube will bo 
negatively electrified. A melal ion, M', which tries to 
diffuse into the tube may have its electric charge neutra¬ 
lised by the negative charge on the charcoal, and be de¬ 
posited there as metal. This is, at least, the only probable 
explanation of the deposition of metal from solutions in 
very fine ccacks in glass apparatus, wliere chemical action 
seems ijnite out of the question. 
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A similar explanation holds in many of the phenomena 
commonly o'assed as adsorptions. Tlni.s a positive sol, 
Jyestnll', or other .substance, will bo, easily precipitated in 
the pores of wet lillcr paper; for the paper will bo nega¬ 
tive, and the water jm.sitivc, and thi' positive sol will he 
preeijiitatcd .as electrically neutral particles, and will he 
held, Inhere so firmly that it cannot he washed out by 
water. A great many of the scjiarations of dyes by the 
capillary action of filter paper ((.loppelsroder and others) 
dei)end on this same fact. A positive dye will be pre¬ 
cipitated on the paper, while a negative one will not, and 
can therefore diffuse or sjiread out over the paper. 

It seems not unlikely that some of the e.\ceptionally 
lioworful adsorption idfects of gel.s which arc acids or 
bases, are to be put down to llie same cause. The basic 
gels are po.sitiveIy obargeil, and will cause precipitation 
on their surface of negative sols, while acids are negatively 
charged. Adsorption is frequently very strong with these 
adsorbents, and it is well known that with them, the ad¬ 
sorption of salts is usually accompanied by decomposition, 
one ion being held, widle the other remains in solution; 
usually water enters into the reaction. For example, 
silicic acid sol shaken u]) with potassium carbonate 
adsorbs alkali, and an equivalent quantity of potassium 
hydrogen carbonate rern.aius in solution. Similarly, 
manganese peroxide decomposes potassium sulphate, .ad¬ 
sorbing K', and leaving free sulphurio acid. 

Adsorption of Gasks < 

Concentration differences at the interface are not con- 
■ fined to solids and liquids, but occur also at all other 
interfaces. The surface tension of mercury varies with 
the gas ip contact with it, cjj .— 
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uas, 

t ' 

9 (dynamic). 

Vacuum . . 

. . . 15'’ 

48(1 

Hydrogen . . 

. . 21° 

*470 

Oxygen . . . 

2.”)° 

478 

Nitrogen . . 

... 10 ° 

48'J 

Carbon dioxide 

. . . i'.)° 

480 

Air (dry) . . 

... 17° 

470 

„ (moi.st) . . 

... 17° 

4.81 


With a solid and a gas theru is uo sneji pcrceiitiblH 
differoiioo in the solid, but lliwe is in (lio concentration of 
the gas. 

The same ecin.ation applies here a.s in Ihiuiils - 


a/)“ 

V 


onlv p, the pressure, lakes the place of c, tlie concentration. 
The value of ^ for any teniperatiiro is practically inde¬ 
pendent of the nature of the gas and of the adsorbent; 
thus a becomes a oharactoristio of the gas. It runs 
roughly parallel with tlie com]ircasibility or tlie ease of 
condensation of the gas. Tbo properties of lire gas seem 
to have much more influence on the amount of adsorption 
than the nature of the adsorbent, The order of different 
adsorbents is generally the same, whatever the gas may 
bo, the agreement being more or le.ss quantitative. 

The adsorption of mixturo.s shows that one gas can 
turn out another, a further proof that adsorptions are 
equilibria. A quantity of charcoal adsorbed 284 c.c. of 
carbon dioxide jnd 24 c.c. of hydrogen from a mixture 
of carbon dioxide and liydrogen. The same quantity of 
charcoal was first saturated with liyilrigen, and was tlien 
placed in a mixtme of hydrogen and ciirbou dioxide, when ' 
it finally ctmtained 2(18 c.c. of carbon dioxide, ami 27 c.c. 
of hydrogen. 
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Adsobption op Oahuoh Dioxidi: by Ohabcoad. 


Oxygen is more strongly adsorbed tlian nitrogen. 
Accordingly tliere is a greater concentration'of oxygep 
ot a surfiice than in air. This is probably the explanation 
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I'f tlio increased oxidation so frequent at surfejos Dewar' 
found tlie air adsorlied by charcoal at —190° to coutaij) 
over 60 per cent, of oxyf'en. 

Temperature and Adsorption.—Tlic adsorption i.su- 
therinal applies at all tcni|ier;ituies down to —78° in the 
ca.se of charcoal and carbon dioxide, as wa.s shown by 
Travers^ (Fig, 20). The quaiuity ailsorhed decreases a.s the 
temporalnro rises; a also changc.s, but the thaiigc in l//i 
has the greater ofloct — 


t 


n 

-78 

1129 

0-188 

0 

2 9G 

0-838 

:tri 

[■2::i; 

0-461 

01 

0-721 

0--t79 

100 

0-821 

0-518 


As the ad.sorption decreases with ri.se of lomperatnre, 
heat must be evolved diiringf ailsurption. This i.s in agree¬ 
ment with the results of Dewar’,s observations; the heats 
evolved when 1 c.o. of charcoal adsorbed all it could 
were— 



V (0° uiid nim.) 

(dll. por c.c. 


jtcr o.c. of clitirooul 

0° -IS,7" 

ol 1 liarcoiil. 

Hydrogen . 

. 4 c.c. l:!.5 c.c 

;. 9-3 

Helium 

. 2 15 

2-0 

Nitrogen . 

. 15 155 

26-5 

Oxygen . 

. 18 28(1 

34-0 


The velocity of ad.sorption is extremely rapid, over 90 
per cent, of th^ total adsorjition taking place in a few 
seconds. With charcoal and carbon dioxide at —78°, the 
manometer is steady in a few minutes (Travers). In 
some cases slew chemical actions occur, when the pressure 

> Froc. Boy. Soc., 1904, 74,126. 

" Ibid., 1906, 78, A. 9. 
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may continue changing for months, as with oxygen and 
•charcoal (oxidation). Carbon dioxide appears to act 
slowly on glass, causing a similar slow change. 

Dewar’s' application of adsorption to produce high 
vacua (lepeiid.s on the facts that adsorption is much greater 
at low( pressures than at high, and tliat it also increases 
at low temperatures. If, then, a ([uaiitity of gas at small 
pro.ssuro is exposed to charcoal at very low temperatures 
practically the whole of the gas will be adsorbed. 

Adsorption at Liquid Interfaces.—The methods of de¬ 
termining the surface tension applicable to the surface 
between two liquids are the oscillating jet, surface waves, 
curvature of surface, size of larg(! flat drops, capillary rise, 
adhesion discs, weight of dro]), and pressure of drop. As 
is to bo expected, theie, are frequently largo differences 
between the dynamic and static surface tensions. The 
changes in surfice tesnsion produced by different liquids 
are often very considerable. 


Surface Tenswu, at LujuiA Inlerfuces. 



t. 

Mcl-Itod. 

<f (static). 

Meicury-water . , , 


llal drop . . , 

. 870 

-bonzene . . 

20'’ 

pi'cssui'e of drop 

. 342 

Watei'-paralhn oil . . 

10° 

wei^dit of diop 

. 48 

-benzene . . . 


. 32-e 

-other .... 

20“ 


9-7 

-isobutyl alcohol 
Methyl alcohol-carbon 

IK” 


1-76 

disulphide 

18° 


0-82 


It is plain that the mutual solubility of the liquids 
has a marked influence here, as might be predicted, for 
when two liquids become completely miscible at the 
critical solution point, the interface and thjjrefore the 
surface tension disappear. The values are also influenced 
‘ hoc 2t)l. 
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to a marked exleiit by the addition of acids and alkalies, 
and still more by substanooa like soap. 

Lewis 1 investigated the adsorption of sodium glyco- 
chollate and methyl orange in water-paraffin oil, having 
shown that these substances greatly lower the surface 
tension, e.g .— 


Sodium Glymrhollak in IVater-peti-oleum. 


Concentration. 

a 

1 Coucoiitralion. 

(T. 

0 

Sd'O 

0-00307 

22-0 

o’ooood.'ir 

32-2 

j 0-00043 

10-8 

0-000:i57 

28-1 

1 0-0118 

12-0 

There was 

a decreasi 

; in volume concentration, i.e. a 

surface excess 

of solute., 

vvhioh is ill accord with theory, 


but no quantitative agroemont was found, as direct deter¬ 
mination gav(! a = 17 X 10"**g, wliile the calculated 
value is tt = 5-5 X 10 * g., and similar discrepancies were 
shown by methyl orange. 

The Distribution of a Sol between Two Liquids .—A 

knowledge of what takes jilaco wlicn a sol is shaken up 
with a liquid which i.s not miscible with the dis|iersion 
medium, is obviously of great inqiortauco in many direc¬ 
tions; to mention one only, the connexion betw'cen 
adsorption and dyeing. It wa.s certainly not justifiable 
to treat the removal of the dispeisc phase from a sol by 
contact with a solid surfaeo as an adsorption, comparable 
with the removal of solute from a solution at such a 
surface. The distribution of a disperse phase, whether 
Buspeusoid or,emulsoid, between two dispersion media 
may be regarded as an extension of adsorption. The 
question has recently been attacked by Reiuders,'* who 
' Phil. Mail , 1908 [vi.], 16, 5(W. 

* KoU. ^citsch., 1918, 18, 235; sec also Hofmann, Zeit'^ch. phyAluiL 
• Chem., 1913, 83, 8o4. 
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w«s probably led to it by his investigatious into the 
nature of dy&'ng (p. 285). 

The possibilities depend upon whether the disperse 
phase is liquid or soliil. If the former, it may leave the 
original dispersion medium without entering tlie other 
liquid, forming a separate layer between the other two. 
This Will happen if the surface tension at one interface is 
greater than tbe sum of the oilier two. But if no one of 
the surface tensions at the inteiface between the pairs of 
liquids is greater than the sum of tlie other two, the three 
liquids will meet at a common angle. But if one phase 
is solid, it cannot .spread out as an intoi'ceptiug layer, and 
will collect at the liquid interface a.s solid particles. 

Considerations of the kind enqiloyed to solve the 
problem of liquids wetting solids in contact willi air,* 
lead to the following conclusions. If a .sol (dispense 
phase 3 in liquid 1) is shaken up with an immiscible 
liquid 2, one of throe equilibria will be established :— 

(а) If 023 ^ ** 12 +‘' 1 . 3 . f'*** "’ill rem.aiu un- 

chauged. 

(б) if Oi.j is > (T| 2 +o' 2 , 3 . second liquid will coiu- 
]detely remove the disperse phase from the original sol.“ 

(c) If 01,2 ^ “ 2.3 + “ 1 . 3 . “ is greater tlian 

the other two together, the disperse pliase will collect at 
the iiitcrfaco between llic two liquids. 

These conclusions have been verilied by Koinders, both 
in tlie case of aiispensions and of sols. With the latter 

' Cp. Frenndlioh, KapilJtuchcviic, 1905), p. 187. 

* This case corresiiond.s to the “ wetting” of a soiid by a liquid. If 

!> ^l,g + 

the liquid will spread over tho surfaco of the sttlid until there is no 
direct contact lioLween the solid and the gas. The interface between 
solid and gas will disappear in favour of tho solid-liquid interface 
and tho liquid-gas interface, since tho free energy of tho fomicr i8« 
jjroJLcr thar the sum of the other two. 
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atty of the three can happen, provided the dispersity is 
low, but if the dispersity is high, a sol Inay exhibit 
anomalies, one part behaving in one way, and the rest In 
one of the others. In addition, enuilsoid so’s may form 
a separate layer between the others. A few illustrations 
will suffice. 

Ill gold hydrosols isohutyl alcohol produced ri« tiffect 
until the separate layer wa.s foinied, wjien the gold 
separated out at the interface 111 a tliiii layer. The colour 
by transmitted light was violet-blue to blue-green, and by 
reflected light a brilliant gold. Tlie layer creeps up 
between the alcohol and the glass, causing the alcohol to 
appear coloured, although it is not so. Amyl alcohol, 
benzene, benzine, ether, carbon disulphide, and carbon 
tetrachloride behave similarly. 

A gold sol ill .arnyl alcohol (jirodiiced by reduction of 
auric chloride in amyl alcol.ol with phosphorus), wdiich 
was yellow-brown in colour and very .slable, was shaken 
up with water. No gold entered the water layer, but 
violet-red gold separated out at the interface and on the 
glass. Ether sols wore preiiaicd m the same luauiier, but 
were not stable; when shaken ii[) with water, all the gold 
left the ether, forming a yellow-red sol in the water, and 
a slight brown precipitate at the inteiface. A freshly 
prepared hydrosol (from gold ehloridc and phosphorus in 
ether) which was browu-red in colour, was quite imlif- 
ferent to other, no separation occurring at the interface. 

The effect of gum arahic a.s a “ protecting ” colloid was 
as follows• 

Gold sol -f gum arahic. 

ttiJ Jlquiil. No gum. 0-0011'ci cent. i) Oor. per tent 

Isobutjl blueatiuter- bliio at iiitoiface, bine atintorfaco.vor)^ 
alcohol face. islow, some rod slotv, most of tho 

so) in the water. gold rod in the 

water. ^ 

blue at inter- red, all m the red^ all in water. 


ether 



As was to expected, the proteotion of the- gtim ai^M 
i^jhieh is hydro'phile, hinders the transference of the (Jh 
perse phase (hydrophobe) into the alcohol or ether i 
which the gam is itself lyophobe. 

Of other sols which were examined, ferri/i hydrmi 
hydrosol was unaffected by any of the other liquids, an 
arsenious milphide hydrosol was completely separated on 
at the interface with isobutyl alcohol and amyl alcohol 
and was not changed by the others. 

Frequently part of an apparently uniform sol wottl 
remain in one liquid (usually the original dispersioj 
medium) while the rest was precipitated at the interfac« 
The separation of the disperse phase at the interfao 
appears to be an exceedingly common occurrence, am 
forms a good criterion for sols; for example, alkali blue 
the blue acid of oongo red, the acid of erythrosin, all b 
the interface when the hydrosols are shaken up wit) 
carbon tetrachloride. 

Analogous phenomena must often occur at interface! 
between solids and liquids, e.g. gold sol when shaken uj 
with charcoal, barium sulpliate, aluminium hydroxide 
fibres, and, particularly colloid dyes on fibres. Thej 
commonly pass under the name of adsorptions, bujt * 
more suitable name would be adhesions. As with inoreasinf 
dispersity there is a continuous change from sols to solm 
tfons, there is no abrupt division between adliesions and 
adsorptions. 




PART IV 

APPLICATIONS OF COLLOID 
CHEMISTRY 

CHAPTER XIX 

SEMI-COLLOIDS 

Theke is an extensive series of substances which are 
intermediate in properties between emulsoid sols and 
solutions (the emulsid^ and solutides of von Weimatn’s 
lomenolature), In accordance with this position, their 
character is indefinite, as they exhibit some of the proi 
perties of each, and so far as is known, there is no clue as 
to which class' they belong in respect of any given 
property. Naturally, the first idea is to look for some 
Bonnexion between the molar weight of the substance and 
its general behaviour, but this at once fails, for substances 
of ^practically the same molar weight, and not widely 
different composition, are frequently to be found in differeilt 
classes, as a glance at the table on p. 274 will show, 

^ Among the important classes of substances which 
into this category are some of the highest import 
l^fce .in technical science, as casein, the soaps, dyes and 
pouring matters, tannins, degradation products 
_^b|ijain,eto. 

^?#bifo.idbuinin is a genuine emulsoid, 
llkalies (NaOSJ on it,, Paal’i 
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and Ijrsalbic acid (p. 132) are semi-cplloids, e.g. the latter, 
which is solufile, diffuses in water and through parchment 
■ paper; the molar weight, deduced from the freezing point, 
is 700-800. • But the solutions are opalescent.and syrupy 
when concentrated. Further, they are strongly “ protec¬ 
tive," as their use in Paal’s method of preparation testifies. 
Peptohis, on the other hand, do not “ protect,” but diffuse 
slowly; their anolar weight, determined by the freezing 
point method, is about 600-1000. They are usually 
regarded as amphoteric electrolytes.* 

The electrical behaviour of semi-colloids is of consider¬ 
able interest, for many of them are fairly good electrolytes, 
even when osmotioally they are remarkably inert; this 
aspect of the question has been but little studied. 

Owing to the individual peculiarities of the semi- 
, colloids, it is impracticable to give a systematic account of 
them. A brief description of some technically important 
ones is all that is attempted. 

Casein.—Casein is insoluble in water, but is essentially 
acid, as is shown by the reddening produced by pressing 
moist casein on to blue litmus paper. It dissolves in 
alkaline solutions, which might be attributed to eolation 
by peptisation; it appears, however, to combine with a 
definite amount of alkali irrespective of the concentra¬ 
tion (1 g. casein requires 0'88 millimol of NaOH). The 
resulting solution is opalescent, which is usually put down 
to hydrolysis, casein being refonned. The addition of 
acids to the alkaline solution produces turbidity, casein 
being precipitated, while excess of alkali'removes the 
opalescence. 

j. From the electric conductivity, i.e. by the applica¬ 
tion of Ostwald’s rule for determining the basicity of an 
add from the variation of the equivalent conductivity Qiy 

^ yA nmartn . S^,fiSJjUik nhiiaiAl. HtiJiM 10AK AK Ma ■o** ' 



SEMI-COLLOIDS 

• t 


/Z69 


of the sodiam salt with the dilation (v), Sackur concludes 
that casein is a tetrabasio acid, which, together with the 
above equivalence with sodium h 7 droxide, gives a molar 
weight of about 5000.* It does not diffuse through 
parchment paper, though a substance with this molar 
weight should diffuse to a measurable extent (p. 36), and 
should also exert a considerfible osmotic pressure. * ' 

Soaps.—The soaps constitute a highljf complicated 
chapter in chemistry. From the present point of view, 
their interest centres in the fact that they are representa¬ 
tive of a class of substances which 

(1) Are themselves probably non-colloid, but may 
undergo changes in certain liquids, giving rise to colloids, 
and hence have been termed colloidogens; 

(2) Exhibit very different^Baviour at low and high 
concentrations; 

(3) Are known as electrolyte colloids, for the reason 
that, while the aqueous solutions are good electrolytes, 
their osmotic properties (boiling point, vapour pressure, 
etc.) are so far abnormal that not only do they not indicate 
the ionisation, which the electric conductivity leads us to 
expect, but they differ so slightly from those of the pure 
liquid, that the idea of solution is precluded. In other 
words, while the solutions are fair electrolytes, their 
boiling point and vapour pressure are approximately the 
same as for water. 

Thus, Krafft ^ found no elevation of boiling point for 
(ionoentrated solutions of soaps, while there were slight 
rises for dilute'solutions. Smits ® obtained similar results 
tor sodium palmitate at concentrations from 0'3 to 0‘d 


• 

‘ ZMtich. phi/iikal, Chem., 1903, 41, 672; Beitr. ehm. Physiol. 
Path., 1908. 8,193. 

< Ber., 1691, 27,1717; 1S9S, 28,2866; 1896,29,1328; 1S39,82,1681. 

’ Ztitseh. physikai. Ohm., 1903, 48 , 608. 



noia per' Btre." Pdf 'Wghdf' odncentications he 
enaimeter owing to the experimental difiSoulties of tte 
ladling point method. There was no diminution of 
^apour pressure in a 28 per cent. (1 mol per litre) 
olution, and only I'S mm. diminution in a 14 per cent, 
lolution. 

Pen the osmotic pressure of soap solutions, see p. 318. 

Concentrated solutions are clear when hot, and gels 
re formed on cooling. Dilute solutions are frequently 
palescent, and the opalescence is increased by heat. All 
he solutions have electric conductivity; the soap is therb^ 
jre ionised or hydrolysed, or probably both. Hydrolysis 
is proved by the extraction of fatty acid from the solution 
by shaking up with toluene; the hydrolysis is not into 
acid and base, but into acid salt and base, and occurs even 
when excess of base is added. In absolute alcohol the 
soaps give normal molar weights by the boiling point 
method. 

A comparative study of the sodium salts of the 
fatty acids shows that the soap character begins with the 
C |2 acid. ‘Oleic acid is more soluble than the saturated 
acids, and its salts are less hydrolysed. 

,, MacBain and "Baylor > were unable to get any 
satisfactory determinations of the boiling point (which the 
author can corroborate from personal experiences), so they 
Studied the electric conductivity at 90° of solutions w* 

,sodium' palmitate, using silver vessels, as others were ^ 
attacked chemically by the soaps at this high temperature, 
They appear to have obtained the sam^ value for thq'i 
conductivity, whether the solution was made up froni;^ 
holid soap and water, or from acid and sodium hytoxid^l 
Shis is a very important observation, for it indicates tiiaij 
a true, i.e. a reversible, equilibrium is established 
^ Zeitieh. ph^/tikal, Chem„ 1911, 18, 179> 
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^eolrolytes in nolution aiid colloids the sol condition. 
There is a maximum conductivity (89‘47) at 3'5 m., and a 
minimum (82’37) between 0‘2 m. and O’l m. > ’ 

Addition of sodium hydroxide to the solutions pro¬ 
duces a precipitate, wliioh is a mixture of sodium palmitate 
and an acid salt, NaHPaj, in spite of the alkaline reaction 
of the liquid. Whether tliis jirecipitation is the precipita¬ 
tion of a sol, a salting out, or a gelation, is not very clear. 
The precipitation of the acid salt by alkali from alkaline 
solution seems to be similar to the gelation of silicic acid 
by small quantities of alkali (p. 129). As the reaction 
takes place with solutions up to 56 per cent. (2 m.), it is 
plain that the hydrolysis of sodium palmitate is— 

2NaPa + HOH ^ NaOH-f NaHPaj 

and not 

NaPa + HOH NaOH -f HPa 

The nature of “salting out" of soaps by adding a 
mixture of sodium chloride, carbonate and hydroxide, 
seems to be as uncertain as the above action of sodium 
hydroxide. It has been variously described as salting out 
proper, analogous to the action of ammonium sulphate on 
tibumin, or of many salts on organic substances not 
necessarily colloid; as a precipitation of a sol by electro¬ 
lytes ; and as a “ common ion effect,” <.«. the precipitation 
of a sparingly soluble salt by adding a large amount of a 
soluble salt with a common ion (e.g. the decrease in 
solubility of silver acetate on adding sodium acetate or 
l^ver nitrate to the solution). 

^vTDried soap 'swells in water, becoming a gel* ; this 
is accelerated by alkali, and this fact is made 
i^'of by the manufacturer. The cuttings of soap to be 
hismade up are treated with dilute alkali instead of with 

hi 


:0d^1uniat, ZeUvik,, 1908. 2, 103, 237. 
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, The surface tension of soap solutions is dealt with on 
p. 240. As* the solutions are so complex, it is not sar- 
pfising that the surface tensions are not well-defined. 
While sodinm oleate lowers the surface tension of water 
to a great extent, sodium palmitate, according to Bottazzi,* 
does not lower it at all, and the addition of a little sodium 
hydroxide produces no change. He concludes that the 
lowering of tlje surface tension is due to the undisSociated 
sodium oleate, while the hydrolytic products are much 
less active, or are quite inactive. 

Among semi-colloids other than those mentioned 
above are substances used in dyeing and tanning. Owing 
to their importance they will form the subject of separate 
chapters. 

Inmoatoes. 

Wo. Ostwald’ has suggested a colloid theory of in¬ 
dicators. Congo rubin turns blue with acids, its range 
being similar to congo red. In water it forms a highly 
disperse system, which is between typical colloids and 
molecular dispersoids, i.e. the velocity of dialysis, diffusion, 
and ultrafiltration lies between them, but is greater 
than Congo red. It is also, like congo red, electro-negative. 
It is changed to blue by acids, but also by neutral salts, 
alkaline salts like sodium carbonate, and even by alkalies 
like barium hydroxide. In these oases the colour change 
is followed by precipitation of the dye. Non-electrolytes 
are inactive. The valency law is followed, e.g. 

iN«,80. : MgSO, : JAlgSO.). 

1 : 89-4 : 1538 

1 ; 39’4 : 1652 

The change can be prevented by addition of “protective” 
colloids, and they have similar values in this case, as 
hold for gold sols. ^ 

•’ Atti. R aecad. Lirmi, 1912, 866 (abstract in KoU. 1918, 

12, 206)? > Roll ZeUach., 1919, 24, 67. 
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DYEING 


The question whether dyeing is a chemical or a physical 
process is one which has agitated scientists* and practical 
men alike as long as there has been a science of chemistry, 
and the main effect of the advent of colloid chemistry 
has been to render the question still more complicated by 
providing yet another set of explanations to those already 
existing, without increasing materially the prospect of a 
final answer. Still, it affords several points of attack, 
and there is little doubt that many of the phenomena of 
colloids must be concerned in some of the processes of the 
dyer’s art. ^he fibres cotton, silk, wool, are more or less 
•comparable with gels, both in structure and general 
properties; they exhibit the phenomena of imbibition and 
dehydration, and possess great development of surface. 
Many dyes are true colloids or semi-colloids in water^ and 
of the others, many greatly lower the surface tension 
of water, and are thus readily adsorbed from water, 
as also ai'e the other two classes of colloids and semi¬ 
colloids. 

Notwithstanding this, it is vain at the present moment 
to expect that colloid chemistry can provide a single or 
simple explanation of dyeing, or an answer to the question 
#hether dyeing is a chemical or a physical process. The 
i-eason of this is to be found in the question. As Ostwald 
well expresses it, “ We are not justified in speaking of ‘ a 
theory of dyeing,’ as if any single theory can be applied 
io all the*prooesses of dyeing. Dyeing is not a scientific, 
but aotechnical notion, which denotes unifom. results- 



2;4 APPLICATIONS OF COLLOID tj^EMISTRY 

wittiout regard to fh# means employed. Science is bound 
td take into* consideration the means, and, if they are 
fajind to be different, it must put forward correspondingly 
different theories of the dyeing processes which depend 
on them.” * * 

The original rival explanations were physical action, 
with ,solid_6Qlution as a later extension, and chemical 
reaction between the fibre ^nd the dye. To these are 
now added coHoid reactions and adsorption at interfaces, 
the latter naturally taking first place, though the mutual 
precipitation of colloids of opposite electric charges, and 
the various types of pseudo-adsorption (p. 256) must also 
be important factors, especially though not exclusively 
when mordants are used. But before entering on this, 
the main subject of interest, it is desirable to outline 
briefly the colloid properties of dyes. 

The Colloid Nature of Dyes,—As stated in the previous 
chapter, many dyes form semi-colloids in water, others 
are undoubtedly colloids, i.e. form emulsoid or suspensoid 
sols with water as dispersion medium, while others again 
form true solutions. The following table shows to which 
group a number of important dyes belong. 


CoUoi.l. 

Alkali blue 
Aniline blue (soluble) 
A^oblue 
Benzazurin 
Benzopurpuriu 
Carmine 
Congo red 
,, fast Mue 
„ brown 
Piamine green 
„ blue 
Induline (soluble) 
Naphthol yellow 
^ighk blue 
Violet black 


SeminxiHold. 
Capri blue 
Puchsin 
Methyl violet 
Neutral red 
Nile blue 


CrTStallold. 
Alizarin red 
Auramino 
Bisiuarok brown 
Ghrysoidin 
Eosin 

Fluoresoein 
Magdola red 
Methylene blue 
Patent blue 
Inorio acid 
Pyronine 
Bhodamine 
Safranine 
Thlonine 


^ QutHms of General Ghmiatiy, Srd English Edition^ 1912^ 496, 
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The colloids show distinct microni aim suumicrons in 
the nltramiorosoope, and otherwise behave is typical sols; 
usually the emulsoid or hydrophile character predominartts, 
but in some («.y. ,oongo>ed), the dye is precipitated by 
small amounts of salts, and, as they are mostly negal^vo 
sols, the precipitating power of the salt depends on the 
valency of the kation (j). 98). As a rule tj^a sol is 
electropositive or electronegative according as the colouringj 
substance forms the kation or anion of th? dye. 

According to Keller,' inetliylene blue in water 
migrates feebly to the anode with a voltage of 60-70 V,, 
although it is a basic dye; in alkaline solutions it 
migrates to the anode, while in acids it travels to the 
kathode. Acid fuohsiu in water goes to both anode and 
kathode. 

The semi-colloids exhibit the irregularities associated 
with the cla.s3 to which they belong (see Chap. XIX.);' 
their molar weight in water is 2-3 times the normal, 
while, like the soaps, the molar weights in alcohol are 
normal.^ The aqueous solutions are good electrolytes, 
and submiorons are visible in the ultramicroscope. 
Miohaelis s observed that the addition of salts to sols of 
semi-colloids, and even to solutions of the soluble dyes, 
produces submicrons, i.e. they shift the dye from one class 
to the next. Thus a dilute fuchsin contained no sub- 
mic^ns, but when sodium chloride was added to the hot 
solution and the solution'rapidly cooled, many submiorons 
were visible. This change no doubt plays an important 

• KM. Zeitseh., 1919, «S, 60. 

• Kraflt, Ber., 1899, 32,1610. 

• Tirch. Arch. Anat, Physiol., 1905,1T9,195. 
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jiart in the effect of Neutral salts on the taking up of dyes 
by fibres froit the dye-bath; neutral salts, as is well 
known, increase in some cases to a remarkable extent the 
amount of dye taken up by the fibre, and colloid dyes are 
among the most readdy taken up dyes. The chemical 
tbeory has failed to supply any plausible explanation of 
this actipn. 

A similar transference from one class to the nexC more 
colloid class can also take place in other ways. The dye 
salt may form true solutions, but give rise, by hydrolysis 
or other reaction, to colloid base or acid (or it may be to 
colloid ion) in a manner analogous to the action of water 
on soaps (p. 269), or by the production of insoluble salts, 
e.g. of fatty acids, in the form of sols. 

Precipitation of Dyes by other Colloids.—The mutual 
precipitation of colloids is strikingly exemplified in the 
case of dyes.i Among dyes are to bo found all types of 
> colloids—suspensoids and omulsoids, somi-colloids and 
colloidogens—and salts which form true solutions. Of the 
three types of action (p. 137) (1) simple precipitation, and 
(2) precipitation with protection and consequent non¬ 
precipitation when excess of either sol is present, are well 
known; the third type with two zones of precipitation 
and two of non-precipitation does not appear to have been 
observed. 

J (1) Eosin (anion) and methylene blue (kation), being 
electrolytes and non-colloid, precipitate suspensoids sols— 
eosin, the positive sols such as aluminium hydroxide and 
ferric hydroxide, methylene blue, the negative sols such as 
jilatinum and mastic—so soon as the critical concentration 
has been reached. 

A similar action occurs with emulsoids under the 
conditions which convert them into positive ormegative 

< and Teague, Zeitsch. phyiikal. Chtm., 1907, 60, 4t&. 
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colloids, tb^ negativ e ^n^ulsoids are j)reci^itatesLbyJ)asio 
dyes, the positive by acid dyes. Methylene blue precipi- 
tates' sols of htemoglobin, serum albumin (native'and 
heated), oqngo red, etc., at high, but not at low concentra¬ 
tions. 

(2) The colloidogcn, semi-colloid and colloid dyes with 
suspensoids and emulsouhs, such as gelatinaj "tannin, 
albumin, etc., are examples of the secondjiype: a zone of 
precipitation with a zone of non-precipitation on each side 
of it. 

The p o.s8ibility of titrating one dye with anoUwr, as 
night blue with eosin, or with other colloiiB,”a3 niglit blue 
with tannin, depends on tliis reaction, the precipitation 
zone being very sharply defined, and the ratio of the two 
substances remaining the same when the absolute concen¬ 
tration is changed. The ratio corresponds in the formei; 
case to the chemical equivalents, but that there is not 
true salt formation is indicated by the fact that the 
ratio varies with the rate at which the precipitant is 
added. 

Solid Skins on Solutions of Dyes.—Solutions of many 
dyes, e.g. fuchsin, form a skin on the surface, when they 
are kept for some length of time. The nature of this skin 
is not always known, but is due to increase of surface con¬ 
centration. These substances lower the surface tension of 
water to a very considerable extent, and so, even in 
dilute solutions, the concentration of the surface layer 
may be extremely high; and as they are mainly emulsoid 
or hydrophite colloids, they form gels or even solid 
skins on the surface. 

They may also he formed at the interface of two im- 
rmiscible liquids in which the colloid is insoluble. Eamsden,' 
who has investigated this phenomenon, especially in the 
* Zeitach. phyiikal. Chem., 1904,47, 338. 
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t,ca3f of albumins, has applied it to the separation of colloids 
from liquids by simply shaking up with air or a suitable 
li({ifid (toluene or chloroform in the case of albumins). 
The method applies to albumins, soaps, and saponins, as 
well as to dyes. 

This concentration of the colloid in the surface oi 
interfaeek is certainly follow(^ in many instances by 
irreversible chjinges, e.g. albumin and dyes bdcoma' 
insoluble, in whole or in part, or become incapable on 
eolation, etc. 

Two classes of substances which are nearly related 
remain to be discussed; they are lakes and mordants. We 
will take the latter first. 

5 Mordants.—As a broad generalisation mordants may 

be said to be “ colloidogenic ” substances, i.e. they are 
themselves truly soluble, but by various changes give rise 
to colloids, either sols, or more usually gels. These gels 
• produced on or in the fibre of the fabric to be dyed then 
react with the colouring matter of the dye-bath, whether 
by cheimcal action, by adsor^on, by solid Solution, or, as 
is extremely likely in some cases, by mutual precipitation 
of colloids of opposite electric charg^ls immaterial at 
present. By this means dyes which are not fast when 
used alone are more firmly fixed. The mere mention of 
the substances chiefly used as mordants is sufficient 
evidence of their colloid character: aluminium salts, 
chromic salts, ferric salts, stannic chloride, tannin, etc. 

Let us take aluminium mordanting, for instance. A 
solution of aluminium acetate is partly hydrolysed in 
solution into aluminium hydroxide sol and acetic acid. 
This, when brought into contact with, say, cotton, will 
probably deposit some aluminium hydroxide on the surface 
of the fibre, for the sol is positive and cotton iai contact 
witb water'is necrativewe should thus expect preoi^ta* 
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tion of the sol on the cotton. Vhether this ta^e 
place or not, some aluminium acetate will soak into th 
fibre, and will there hydrolyse, depositing almninwiu 
hydroxide gel in the fibre, the acetic acid e.'caping eithe 
by diffusion or by evaporation, if tlie fabric is steamed 0 
dried. If the former action, mutual precipitation of thi 
aluminium hydroxide on Ijhe surface, takes place, th 
formation of the gel in the fibre could take place as follows 
^ The aluminium acetate which has soaked into the fibn 
j before the precipitate has been deposited on its surface 
j cannot diffuse out again, for the film is impermeable b; 
lAl'", but acetic acid can easily dialyse out, leaving ai 
‘aluminium hydroxide gel impregnating the fibre. Thui 
the mordant would be both embedded in the fibre, and alsi 
to some extent deposited on its surface. 

The fact that the basic sulphates are good mordanti 
while the basic chlorides are not so, is probably conneotec 
with the precipitating effect of the bivalent anion, SO 4 " 
on the positive aluminium hydroxide sol in the former 
while in the latter the stabilising effect of the hydrogei 
ion H', or of the Al"’ on it prevents its precipitation bj 
the univalent anion CT (pp, 139,196). In the case 0 
the Imsic joetate, which also is a good mordant, the salt ii 
more fully hydrolysed than the chloride or sulphate, ant 
the acetic acid is so weak that it can have only a feebh 
stabilising effect on the aluminium hydroxide sol. 

The use of U^hromale as a mordant appears to depenc 
iltimately on the precipitation of chromic hydroxide ge 
Jn or in the‘fibre. The bichromate is decomposed ii 
lilute solution into chromate and chromic acid; the lattei 
s adsorbed by the fibre and is probably partially reducec 
yy the material of the fibre, but the reduction is completec 

by snlphurous acid. Chromic chloride and chromh 
lu'oiide are also used as mordants for wool. 
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htannk chloridi *by similar reactions can deposit 
stannic acid ^el in the fibre, for in water it is practically 
.C(H»pletely hydrolysed into hydrochloric acid and stannic 
acid sol. 

Tannin ns a mordant deserves separate mention. It 
is an emulsoid sol in water, and is readily adsorbed. Its 
adsorptipn is increased whei\ free acid is added to the 
solution, but this soon reaches a maximum, and further 
addition of acid reduces the amount adsorbed, as the 
following figures show:— 

Adsorption of Tannin by Colton. 

Amount adsorbed. 

Tannin + no acid.30 per cent. 

+ I g. acetic acid per litre 35 „ „ 

■i" 2 „ ,, „ 40 „ „ 

+ 5 „ „ „ 50 „ „ 

+ 10 „ „ „ 33 „ „ 

+ 20 .. 31 „ „ 

lakes.—Tannin forms lakes with basic dyes; these may 
be salts, but are more likely formed by the mutual pre¬ 
cipitation of the negative tannin and the positive (basic) 
dye. According to Witt* there is no definite molecular 
ratio between the dye and the tannin. The ratio will 
obviously depend on the electric charge on the particular 
gel and sol, and will in any case not necessarily approxi¬ 
mate to molecular ratios (p. 136). That this is the nature 
of the reaction is supported by the fact that the tannin 
lakes are soluble in excess of tannin, for a sol which pre¬ 
cipitates when the appropriate amount is added protects 
the other sol if added in excess (p. 135). 

' The lakes proper are formed from alizarin (a weak 
dibasic acid, dihydroxy anthraquinone, C 14 H 804 ) and 
> Ohm. Zeit., 1885,12. 
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ineiiHuic oxiaes, 01 which aluminium hydroxid© is tho < 
type. The presence of an oxide of a bivalent metal, 

CaO, is also necessary for a proper colour and fast dyeing. • 
The chief lake is Turkey red on cotton, which contains 
aluminium, and calcium, and also a fatty acid. A pure 
aluminium mordant on wool also requires an oxide of the 
MO type to give the oolmp:; here magnesium »)fide is 
found lo bo the best. 

Pure aluminium ricinoleate powder, if heated with 
water and alizarin, begins to attract the colouring matter 
at 40° 0., at which it melts, and the bright red colour is 
gradually developed. 

The formation of lakes with dyes and aluminium 
hydroxide may be compared with the action of the latter 
on red gold sols, which gives bright red precipitates. 


The Tiieouies of Dyeino 

The essential fact on which the chemical theory of 
dyeing is based is that there is a decomposition of the dye 
salt, especially in the case of basic dyes, the coloured 
katiou being fixed on the fibre, while the anion remains 
in the bath. This is represented as a chemical reaction * 
between the dye and the fibre, which is stated to be an 
amphoteric electrolyte, and so functions as an acid to basic 
dyes, and a base to acid dyes, an insoluble product being 
deposited on or in the fibre. The following objections 
appear to be fatal to this theory. 

(1) The dye is not insoluble, for it can in many cases 
be readily removed by treatment with water or other 

> KneoM, Ber., 1889, 21,1666, 2801; 22,1120. Suidft, SUzungsber. 

Alcad, Wisz. Wien,^ 1904. 118, 724; ZeitscH. dngcw, Cliem., 
1909,2181. 
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liquid, and tli^re is, in fact, reversible equiliMum between 
the dye on the fibre and in the bath. 

*»(2) That the same decomposition occurs with other 
substrates in.which chemical action (amphoteric or other¬ 
wise) must be considered improbable. Such are pure 
cellulose, charcoal, glass, asbestos, and other silicates.* 

(3) .According to Losev it is doubtful if a similar 
decomposition^ of acid dyes takes place, and it certainly 
does not occur with the substantive dyes, so that in these 
cases the chemical reaction is quite lacking. 

As the facts relating to the first of these objections 
are of fundamental importance, they may be stated at 
once. In an investigation on the behaviour of picric 
acid to various adsorbents, Walker and Appleyard^ found 
that the amount of dye taken up from the bath varied, 
continuously with the concentration of the bath, relatively 
larger amounts being taken from weak baths than from; 
strong ones. The formula expressing the relation was 
found to be— 


This is the well-known adsorption formula. If the dyed 
silk was treated with water, the action was reversed, and 
the same end result was obtained whether the dye was on 
the silk or in the solution. Further, less picric acid was; 
taken up by silk from alcohol solutions, and none at 
all from benzene solutions. 

From these results, it would appear that the action of 
picric acid on silk is purely an adsorption effect, the 
amount adsorbed depending not only on the nature of 
the substance adsorbed, but also on that of the solvent. 

* Qeorgievios, Fdrberzeit,, 1894-5,19, 9, 129, 188, 286. ^FidUncUiob 
Mid Losev, ^eittch, physihai. Chan,, 1907,69, 284. 

» Ohevt. Soe. Joum., 1890,68,1834. 

M 
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fiAdsorption generally is greater from fiqtiids whose surlaoe 
|;*tension is large (as water) than from those? with smafi 
' surface tensions (as alcohol and benzene), the decisijef 
factor being the effect of the particnlai’ solute on the 
surface tension of the liquid (p. 242), 

' -It is very difficult to reconcile some of the well-known 
facts of dyeing with the chenjical theory, e.g. the effect of 
adding neutral salts to the bath (p. 275), but above all), 
the increased dyeing produced by adding bases to basici, 
dyes, and acids to acid dyes. The stronger the acid and thojl 
greater its concentration, the greater is the dyeing action. ^ 
Adsorption of Dyes.—In the chapter devoted to adsorp¬ 
tion (p. 247) will be found several references to dyes, which 
show that the initial stage at least of the reaction between 
dye and fibre may be regarded as an adsorption. One only 
will be repeated here. The ratio of the amounts of two 
adsorbed substances is practically independent of the 
nature of the adsorbent (p. 250), and this applies equally 
to fibres (wool, cotton, silk) as to the substances usually 
employed as adsorbents (charcoal, aluminium oxide, silioa, 
etc.). 

Again, as pointed out above, there is apparently 
equilibrium between fibre and solution, just as there is 
with the other adsorbents. Lastly, the connexion between 
the concentration of the dye-bath and the amount taken 
up is expressed by the adsorption formula, the numerical 
values of the index being similar to those of other ad¬ 
sorptions. This, the result of the work of Walker and] 
Appleyard, already referred to, of Schmidt,* and especially 
of Freundlioh and Losev,® is the main objection to tbe' 
oheoiy of solid solution, first suggested by Witt.® 

^ Z$ittch. physikaL 0h4tn,, 1894,15,66. 

* Freundlioh and Losev, loo. dt.y p. 282. 

• FUrhormt, 1890-1, W, 1. 
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, The Soli^ SolStioa Theory.—According to this view, 
the dye is distributed between the two immiscible solvents 
the liquid and the fibre—being in the ordinary solution 
state in tlq) one, and as a solid solution jn the other. 
Many arguments have been adduced in favour of this 
theory, but the above objection led to the general abandon¬ 
ment iof this theory in favpur of the adsorption theory, 
although majiy of the properties of dyed fibres were not 
in agreement with what was to be expected, if the process 
of dyeing was purely an adsorption. In particular, the 
microscopic appearance on the whole gave the impression 
of solution throughout the fibre, and not of a surface 
adsorption. For example, starch grains are uniformly 
coloured,' and microscopic sections across dyed fibres 
have revealed in some oases the existence of irregular 
deposits on the external surface of the fibre, or mainly in 
the outer layers, but in many others the dye was uniformly 
distributed through the fibre.® The former structure 
occurs with the insoluble dyes as Turkey red (see Mor¬ 
dants, p. 278), and with inorganic pigments; the latter 
occurred especially in direct dyeing on wool and silk with 
basic dyes. It also occurs with cotton and mercerised 
cotton with substantive dyes, and with basic dyes if the 
cotton is previously mordanted with tannin. 

^ As in many other cases there is evidence that adsorp¬ 
tion, which is a rapid process, is followed by slow 
changes, such as diffusion into the interior of the 
adsorbent. Examples of this are found in hydrogen and 
platinum or palladium, acids in various lidsorbents both 
fibres and inorganic substances,® iodine and hydrogen in 

• Flaohet, Zeitsch. physikal, Chem,, 1908, 63, 480. 

• Sulda, ioo. ci<., p. 281. 

• Geoigiovios, EoU. Zdt$ch., 1912, 10, 31; Zeitsch. physikal. 

1914, 8J, 669. 
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ouurooai,- laougn in ine case of iodine incl charcoal later Ve- 
search has failed to find any evidence of solid dilution, thS 
equilibrium being rapidly attained in benzene; in carbo^p. 
disulphide it was very slow, owing to decomposition of the 
carbon disulphide with liberation of sulphur which com¬ 
bined with the iodine.^ On the whole, then, it is not 
improbable that in dyeing, too, adsorption is followed by 
similar processes. ’ 

P According to Eeinders* pure adsorption'only occurs 
with those dyes which form sols, and in the fibre are also 
colloid (gels ?), among which he classes precipitation of 
gold sol or arscnious sulphide sol on charcoal or barium 
sulphate, or of charcoal suspension on paper, and also the 
dyeing of wool and cotton with true colloid dye sols, such 
as the blue acid of Congo red. Those dyeings are not fast, 
and the dye can be removed by washing.** 

Eeinders and Lely have recently shown that the fact 
that the distribution of dye between fibre and bath follows 
the adsorption law instead of the distribution law (Henry’s 
law) cannot be accepted as a criterion in this question, for 
the distribution of dyes between two immiscible liquids 
frequently follows the same adsorption law. They in-ij 
vestigated the distribution of a number of dyes botweenjl 
water and isobutyl alcohol, both with and without thejl 
addition of acid (HCl), and alkali (KOH); the dyes wore— 1 

Basic dyes: methylene blue, fuchsin, crystal violet, 
new fuchsin. 

Acid dyes; crystal ponceau, patent blue, erythrosin A, 
roccellin,,quinoline yellow, alkali blue. 

Substantive dye; Congo red. 

^ Dayis, Ohem. Soc. Journ., 1907| 91, 1666, MacBain, Zeit$ch. 
physikaL Chem., 1909, 68, 471. 

* Dora Walter, Koll. Zeitich., 1914, 14 , 242. 

,, > mi. Z^cKy 1913,18, 96. 

* ^^$4 Joliyet, Die Theorie dea FUrbepivzeasen, Dresden, I&IO, p. 143. 
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'They found ^1)^ that the distribution of the dyes 
between water and isobutyl alcohol is expressed by the 
e(j8orption fornmla— 

^'alcohol . 
n 

t-water 

in which - is less than 1. the value of - varies from 0‘3 

for erythrosin A to 1 for alkali blue and crystal ponceau. 
In most cases it is not constant, but rises with increased 
concentration, 

(2) The addition of potassium hydroxide to the basic 
dyes, and of hydrochloric acid to the acid dyes increase 
the concentration of dye in the alcohol layer, just as they 
increase the amount of dye taken up by fibres. 

X3) Wool and silk which are dyed with basic dyes are 
rbadily decolorised by the alcohol (compare the non¬ 
dyeing of silk by picric acid in benzene, p. 282). 

(4) A colourless solution of rosaniline in water dyes 
wool and silk a deep red, i.e. the colour of the salts; the 
same thing happens when the solution is shaken up with 
isobutyl alcohol or amyl alcohol. In this case salt for¬ 
mation is excluded. It is probable that there are two 
modifications of the base, colourless and red, the former 
more soluble in water, the latter more soluble in alcohols 
(and in fibres), and so taken up from the aqueous layer.* 

Eeinders explains the small value of l/» as partly due 

to the differences in molar weight of the dyes in the two 

• 

> A similar thing occurs with picric acid, which is readily adsorbed 
hrom the yellow aqueous solution by, e.g.^ platinum black on platinised 
electrodes, and is not extracted from them by washing with water.' It 
Is extracted by alcohol and benzene, but in the form of a colourless 
solution, which resulted in the extraction being overloojted, until it 
was notice^that the addition of mter to the alcohol produced an intenst* 
yellow colour. (Private oommuntoation from Professor Sir J.^VMker.) 
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layers, for as already stated their mdlat weights in alchhol ^ 
are usually normal, while in water they artf 2-3 or more 
times the normal, as the following figures show ^ 


• 

Dy*. 

Molar weight. * 

In water. 

In alcohol. 

Theoretical. 

Fuchein* .... 

• 

620-620 

820-340 1 

337 

Methyl violet. . . 

800-870 

400-420 ♦ 

408 

Benzopurpurin . . 

3000 


724 

Diamine blue . . 

8400 

— 

999 


Tlie change in molar weight with concentration may be 

the cause of the chance iu the value of - with concentra- 

n 

tion. 

Or the explanation may be that the dyes are both 
hydrolysed and ionised in water, and not in the alcohol; 
the ions would not be extracted from the water layer by 
the alcohol, and thus the distribution would vary with the 
concentration of the ions; similarly, the distribution of the 
hydrolytic products between the two solvents would 
depend on their solubility in each, and, naturally, to a 
different extent from that of the undissociated dye. (That 
this must have some effect on the distribution is borne out 
by the effect of acid on acid dyes, and of bases on basic 
dyes, the results of which are as would be expected from the 
above considerations. The addition of acid to basic dyes,, 
or of base to acid dyes, often causes an increase in the: 
concentration of the dye in the alcohol layer. This may j 
be referred to the decreased hydrolysis, and consequent j 
increase in concentration of the undissooiated dye salt in j 
the water layer, which, of course, means an increase in the* 
alcohol lajer also. The effect is not so great as in the 
‘ Krafit, Ser., 1899,11,1608. 
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othel' case, where toifl is added to acid dye and base to 
basic dye, and the changes in colour point to other effects. 
/'JJhp following figures illustrate the effect of acid and 

alkali on methylene blue:— 

• • 

I MCI. I I KOll. 


Equiyalolits to 11 c 

of methylene VcsceBs 8 4 2 1 

blue y 


Calrobul 

Cwatar 


108 O-SO 0’50 0-41 0-41 


0 ' 0-8 2-6 ^-2 10 
0 41 ' 0-41 0-57 1-25 3 33 


Finally, the adsorbability of the three dyes, crystal 
violet, new fuchsin, and patent blue, follows the above 
order, independently of tlie nature of the adsorbent, 
whether it is charcoal, silk, wool, cotton, or cellulose 
(p. 250), and the same order is retained in their distribu¬ 
tion between water and isobutyl alcohol. 

We are thus forced to conclude that the invalidity 
of the simple distribution law and the validity of 
the adsorption formula cannot be considered a decisive 
objection to the solid solution theory in favour of the 
adsorption theory. On the other hand, the adsorption 
theory affords a reasonable explanation of the striking differ¬ 
ences in the adsorption of dyes in water and in other liquids 
such as alcohol and benzene. It seems probable that the 
initial stage in most instances is an adsorption pure and 
simple, but that, if the dyeing is to be fast, it is succeeded ] 
by other stages which may in some cases be chemical - 
changes and physical in others, resulting In a decrease in 
solubility of the dye in the original solvent. 




CHAPTEE XXr 

• 

TANNING, THE SOIL, ANN F0IUFIOATION Of SEWAGE 

Tanning 

After so lengthy a discussion of the main processes of 
dyeing, which, however, makes no claim to be exhaustive 
or complete, it is unnecessary to devote much space to 
tanning, since to a great extent the main problem is the 
same, viz. how far the actions of the chemicals on the 
skin are to be regarded as chemical reactions, adsorptions, 
or mutual precipitations of colloids. 

The colloid nature of the substances concerned in 
tanning is even more pronounced than in the case of 
dyeing. The skin contains albumin- and gelatine-like 
substances in the form of gels, which swell in water, this 
being influenced to a marked degree by acids, alkalies, and 
salts. The tanning materials are mainly colloids, and 
hydrophile rather than hydrophobe. Tannin, e.g., forms 
undoubtedly an emulsoid sol in water, for it is opalescent, 
does not dialyse, and does not lower the freezing point of 
water. It is interesting to note that Patemo,^ who first 
discovered this, also stated that its molar weight in acetic 
acid was normal? He has quite recently, however, found this 
to be erroneous.® the lowering of the freezing point being 
due to impurities and moisture in the tannin; it is as, 
much a colloid in acetic acid as in water. One result of 

* ^eUsch.physikal. Ohm., 1889, 4, 457. 

* Patiemo and Salimei, KoU, Zeitsch., 1913,13, 8j, 
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itj colloid nature ^*that a larger amount of tannin is 
extracted from tanning material by distilled water than by 
(Adinary water, the presence of small quantities of salts 
preventing sedation, bivalent ions (Ca" or CO3") being 
more powerful than univalent ions. 

In the treatment preliminary to tanning proper, the 
swelling during the treatment with lime, and the persist¬ 
ence with which the last traces of lime are retained, 
necessitating‘extraction with acid, are both instances of 
colloid reactions. 

Proctor and Wilson* consider that acids act on 
gelatine with formation of ionised salts, the anions of 
which, owing to diffusion into the mass of gelatine, 
exert an outward pressure, hence an increase of volume 
or swelling. This is applied by Proctor and Burton to 
the processes of pickling, lime extraction, and mordanting. 
According to Proctor’s colloid-chemical theory, a com¬ 
pound of skin and tanning material is formed because of 
the presence of an electrical potential, i.e. a membrane 
potential. Electrical neutralisation takes place with 
mutual precipitation of oppositely charged colloids— 
hide and tanning agent. 

According to Moller,^ true solutions cannot tan, only 
peptised sols. Tannin is the poptiser in plant materials, 
the peptised substances being ellagic acid, katechin and its 
polymers. Tanning consists in the separation of the 
^ptisec from the peptised substance. Tannin possesses 
a great solubility for skin substance, diffuses into the 
skin, and forms with it a solid solution, while the peptised 
substance attaches itself to the surface of the fibres of 

' 1 Jour. Amer. Leather Chem. Assoc., 1916, 261: also Proctor and 

Burton, Jour. Soo. Chem. Ind., 1916. Proctor and Wilson, Chem. 
Soc. Jonr., 1916,109,1827. / 

J ColleQtum, 1916, p. 649. KoU. Zeitsch,, 1919, 24 , 32 » 
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skin. This is only possible bedhuie of the pe^tised, 
condition of the tanning solutions. The pt!J)tiser acts^ou 
the surface of the particles of the peptised subst^e, 
to form a soluble complex compound, which coats the 
particles and so prevents reunion. 

The process of “ pickling ” has been very fully studied 
by Proctor; * it consists in treating the skin before tanning 
with •very dilute sulphuric acid, during which a large 
amount of water is imbibed, the fibres swelling to a con¬ 
siderable extent. The skins are then placed in a strong 
solution of salt, when dehydration takes place, the skin 
becoming leathcr-like in texture. This action of neutral 
salts only takes place after acid imbibition. Proctor 
made out the general relations in the himplor case of the 
imbibition of water by gelatitio under the influence of acids 
and salts. 

A gelatine which took up about eight times its weight 0 
water, took up about fifty times its weight of water in veri 
dilute hydrochloric acid; very weak acids scarcely alteret 
the amount imbibed, Salts in neutral solution increasec 
imbibition, but in acid solution they dehydrated tin 
gelatine; the process of dehydration w.is very susceptibh 
to traces of acid. This is anotlier general characteristic ot 
colloids; such processes as gelation and solution, imbibi¬ 
tion and dehydration of gels are generally greatly 
influenced by very small quantities of acids and alkalies 
(p. 1C5). The action of the acid on the gelatine, according 
to Proctor, is to form a salt-like substance. 

In tanning proper, adsorption and mutual precipitation 
of sols in the liquid by tlie gels in the skin are undoubtedly 
the primary processes in the case of tannin and the 
vegetable extracts. The nature of the leather depends on 
the state of the skin (due to differences in the preliminary 
‘ KoU. Ohem. Beihe/U, 1911, 2, 243-28-1. 
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jtreatAent) and tlae»trftterials in the tanning liquor; in 
the*latter the Solloids which are most readily adsorbed are 
depq^ited in great concentration on the surface, leaving the 
interior unaffected, while those which are less adsorbable 
and more diffusible have time to penetrate into the skin. 
As a general rule what is aimed at is a gradual tanning. 
This i8.t^J;tained in several ways, by appropriate selection 
of less adsorbable reagents at' tlie commencement nf the 
tanning, followbd by more adsorbable ones. The same is 
effected by systematic exhaustion of the liquor; fresh 
extract is used with skins which are almost completely 
tanned, thus removing the most adsorbable substances and 
depositing them on the surface, while the fresh skins are 
treated with the almost spent liquor, which naturally 
contains only the least adsorbable substances. The 
adsorption is greatly influenced by the nature of the 
previous swelling of the skin; if acid has been used, 
.adsorption is much quicker and much greater than after 
alkaline treatment. 

In mineral tanning, in which chromium, aluminium, 
and iron alone arc concerned, there is probably precipita¬ 
tion of a hydroxide sol contained in the basic salts 
employed by the colloids in the skin, although there is 
also the possibility of diffusion of salt into the skin, 
followed by decompositions similar to those occurring 
in mordanting which result in the deposition of metallic 
hydroxide gel in the fibres. In the two-bath process 
of chrome tanning, as in bichromate mordanting (p. 
279 ), chromic hydroxide is produced in the fibre by the 
reduction of chromic acid by reducing agents, and if 
thiosulphate and acid are used as the reducing agent, 
sftlphur sol is also formed (soluble hydrophile colloids 
from the skin or the chromic hydroxide “ prqtecting ” 
it), pnd some of it is also adsorbed. 
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Secondary Changes.—Whatever the initial prucessc 
there are, in the case of both vegetable and mineral 
tanning, secondary changes, which are slow and irr»/6r- 
sible. Aj first a considerable amount of, tannin, or of 
chromium, aluminium, or iron, can be extracted with 
water, and the skin has not fully acquired the properties 
of leather. As the latter iporease, the amount ofi tanning 
agent extracted by water decreases. In tanning with 
fats, as with tannin, there is the possibility of oxidation, 
and in the former case it has been suggested that the 
oxidation products are the actual tanning agents. Other 
actions supposed to take place are dehydration and poly¬ 
merisation, it being further suggested that these actions 
are catalytically accelerated by the fibre. There is ap¬ 
parently little direct evidence bearing on these suggestions. 

Iron tanning is not so satisfactory as aluminium, anr^ 
still less so than chromium. According to Stiasny, ferric 
salts are too fully hydrolysed, and therefore tooindiffusible,* 
and too quickly precipitated, while the inferiority of alu¬ 
minium is due to its salts not being hydrolysed enough. If 
hydrophile colloids, such as soap, blood, albumin, gelatine, 
are added (as “ protectors ”), iron tanning is improved. It 
is quite possible, too, that the iron catalytically oxidises 
the fibre, and so causes brittleness. The superiority of 
chromium may be connected with the presence in chromic 
salts of complex ions, no similar substances being known 
in the case of ferric and aluminium solutions. 

Just as Proctor* was enabled to throw light on the 
action of acids and salts in “ pickling,” by a study of the 
behaviour of gelatine (p. 291), so Abegg and Schroedor 
obtained valuable information from an investigation of 
the action of tanning agents on gelatine. 

Thesnelting point of the gelatine was 36°. Formalin 
■ KoU. ZeUtch., 1907 , 2 , 88 . 
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.actecJ slowly, raisirig ihe melting point; the maximum 
attained was 48°. The time necessary for this to be 
•reSoJied was inversely proportional to the concentration of 
the formalin., Alum and chrome alum do not jiarden the 
gelatine as formalin does, and the melting point is 
lowered, by 10 per cent, alum to 34°, and by 10 per cent, 
chrome,alum to 32°; the faction is very rapid (a few 
minutes), and previous treatment of the gelatine with 
sodium carbonate was of no effect. Iron alum, with or 
without sodium carbonate, caused the gelatine to become 
hard and brittle; the melting point was 40°-38° in 
very dilute solution. 

Bichromate followed by sodium thiosulphate, picric 
acid, and tannin were tried, but the melting point remained 
unchanged. 

The lowering of the melting point by the alums is due 
to the action of salts on the melting point of gelatine 
’ (p. 125); this effect is superposed on the tanning effect. 

Washing out tlie tanned gelatine produced a curious 
effect—the melting point of the mineral-tanned gelatine 
rose well above the original melting point after brief 
extraction with water and fell on prolonged washing to 
the original melting point. The following figures are of 


interest:— 

Gelatine (m.p. 36°). 

Tanning agent. 

At once. 

Melting point. 

80 min. washing. Long washing. 

10% Or. alum . 

32° 

37° , 36° 

„ A1 alum . 

34° 

42° 36° 

„ Fe alum . 

48° 

45° 41° 

Tannin . . , 

34° 

— — 

Formalin . . . 

— 

48° (48 hrs.) 46° (56 hrs.) 
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The Soil 

The application of colloid chemistry to the study of 
soils has been attended with marked success. The colloid’ 
nature of fine of the chief constituents of soil, humus, has 
long been known, and to its colloid properties its import¬ 
ance is mainly due. There are also other colloids jiresent 
in soil, the chief being 

(a) Humus, and decayed organisms. 

(i) Ferric hydroxide and aluminium hydroxide, etc. 

(c) Amorphous silicates, resulting from the weathering 

of crystalline silicates. 

(d) Bacteria. 

Humus is, perhaps, the most important of all; it is 
emulsoid in character, resembling albumin in many 
respects—in salting out, imbibition with water, adsorp¬ 
tion of salts, migration to the anode; it acts as a sub' 
strate for bacteria, and as a “protective” colloid for 
suspensoid colloids in the soil. The question whether 
it is an acid or not seems at last to be definitely 
settled. It has frequently liecu held that its neutralisa¬ 
tion with bases was simply the formation of adsorption 
compounds, but recent work leaves little room for doubt. 
The solution has a greater electric conductivity than 
oleic acid solution; it is said to invert cane sugar, and 
to react with iron, hydrogen being liberated. Oden pre¬ 
pared humus acid suspension, and a colloid-free ammonium 
humate, and concludes that alkali first peptises humus, 
and subsequently acts upon it chemically, for alkali 
humate is certainly not a colloid, since no particles are 
visible in the ultramioroseopo; further, salts do not cause 
precipitation, the solution diffuses, and there is ,no 
change in concentration when it is shaken up with charcoal 
or barium sulphate. The gelation of humus sqls gives rise 
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to a&mbranes whic^ fiiake the soil impervious to air and 
Witter. 

, As a negative colloid humus is precipitated by kations 
and in accordance with the valency rule more readily by 
Oa"' and Fe' " or Al"'. They alter the permeability, 
the amount of water taken up by imbibition, and also 
the wi\v the soil “ works.” The adsorption of potassium 
is probably also affected. ' • 

The adsorption of dyes by humus is made use of in 
soil analysis, e.g. methyl violet serves to distinguish 
colloids from finely-divided crystalloids; colloid aluminium 
silicates and aluminium hydroxide can be distinguished 
from amorphous silica (silicic acid) by means of alizarin, 
and the two former from each other by naphthol yellow -f 
acetic acid, which colours the aluminium hydroxide alone. 
All these reactions depend on the attraction of colloids 
'for basic or acid dyes according to the sign of the electric 
, charge on the colloid. As Rohlaud has shown, colloid 
clays adsorb Prussian blue, organic dyes, colouring matters 
from fieces and urine, and also albumins, oils, soaps, etc., 
from drainage waters. 

A knowledge of the amount of clay in a soil is thus 
an important matter. Plasticity tests afford only a 
rough guide to the amount, and better results are obtained 
by ascertaining the hygroscopicity, i e. the adsorption of 
water vapour by the surface. It is, however, difficult tc 
apply, as the extent of surface changes on drying, and 
humus imbibition also vitiates the results. The adsorp¬ 
tion of malachite green by the clay affordo a good and 
reliable estimate of the amount of clay. 

The adsorption of salts, of calcium and potassium in 
particular, by soil is highly important; potassium is 
strongly adsorbed by clays, phosphate by calcium carbonate 
(nodpubt solnecheroical action in this oase),also precipitated 
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calcium phosphate precipitates ferrSi oicide and alumitium 
oxide. The adsorption of potassium is a verj^rapid process, 
as pure adsorptions usually are, while the adsorptio|i * 01 . 
phosphate^is much slower, as is to he e;y)ected, since, 
as stated above, the adsorption of phosphates may he 
partly a chemical action. Another important action of 
fertilisers is the solation of silicic acid gel {prob%Wy also 
of other colloid gels), usually stated as dissolving silicic 
acid; the sol rises by capillary action to tfie surface, and 
is there again gelated, and encrusts the surface. 

The weatliering of rooks gives rise to colloids, mainly 
in the form of gels. The precipitated colloids produced 
during weathering are not chemical compounds of alumina 
with silica, i.e. amorphous aluminium silicates, but are 
mixtures of the single gels, produced by the mutual pre¬ 
cipitation of positive and negative sols. 

Purification of Sewage and Water 

The oxidisablo impurities in sewage are colloids in the 
form of sols. This was first suggested by Biltz and 
Krohnke,* who proved it to be the case by dialysis, and 
by the migration of the substances to the anode when 
subjected to a faU of potential. They are thus negative 
colloids, and are precipitated by positive sols, such as 
ferric hydroxide sol and aluminium hydroxide sol. They 
are also rapidly precipitated by ferric salts and aluminium 
salts; and this not because of the hydrolysis of these salts 
into the above positive sols, but because of the powerful 
precipitating effect of trivalent kations, as Fe’ , A1', etc., 
on negative sols (p. 141). Biltz applied the adsorption 
fonnnla, but without much success. 

The methods of chemical purification of waste water 
> Ber., 1904, 37,1746. 
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in chemical manufacttires are usually based on tbe above 
reaction, Fdr example, aluminium hydroxide is used as 
at clearing agent in the waste waters in starch factories. 
According to Eohland (p. 296), some kinds of native 
plastic clay oan be used instead of artificial colloid 
aluminium hydroxide in these purification processes. 

The^urification of water for town supplies by filtration 
through beds of sand, charcoal, etc., affords examples of 
adsorption fro'in solutions at the enormous surface of the 
filter. The addition of alum to water before mechanical 
filtration has several effects. In the first place, the acid 
solution will affect the electric charge on the colloids in 
the water, especially the emulsoid colloids, and so will 
increase their precipitation by salts. Then, as mentioned 
above, aluminium ion has a very powerful precipitating 
action on negative sols, and if positive sols are present 
the bivalent sulphate ion will also rapidly precipitate 
them. 

Some of the impurities which may occur in water are 
very strongly adsorbed. For instance, lead may be dis¬ 
solved from the lead pipes, and find its way into the 
water supply. It is completely taken out by a single 
filtration through a layer of closely-packed cotton wool 
(a single filter paper will not do it). This is extremely 
convenient for analysis, as the lead is easily removed from 
the cotton wool by means of acid. The lead is apparently 
present as a sol of lead carbonate or hydroxide. 

Eohland states that the yellow colouring matter from 
the sulphite cellulose process is not adsorbed readQy, 
as it is not a colloid. It must be turned into a colloid 
by oxidation in air and addition of potassium ferrocyanide 
before it can be removed by adsorbents. 



CHAPTER XXII 

ArPLIOATIONS OF COLLOID CHKMISTltY TIJ IlIOLOOY 

The Equilibrium between Blood and Oxygen.—The question 
of the solubility of gases, especially the important gases 
oxygen and carbon dioxide, in blood has long engaged the 
attention of scientists. The variation in the amount 
taken up with the external pressure does not follow 
Henry’s law (that the solubility of a gas in a liquid varies 
directly as the pressure), very large amounts being taken 
up at low pressures in comparison with those at high 
pressures. The amount taken up at any pressure is 
enormously greater than that dissolved by water under 
the same conditions,* as the following figures show: at a 
pressure of 150 mm. 100 o.c. of water take up 0'7 c.o. of 
oxygen, while 100 c.o. of dog’s blood take up 24 c.c.; as 
the centrifuged plasma takes up only 0'65 c.c., the 
corpuscles are responsible for the difference, and not the 
salts or other substances in the blood. 

Since Liebig’s time, the accepted explanation of this 
deviation from Henry’s law has been that it is due to the 
Tormation of a chemical compound of hmmoglobin and 
oxygen. There are several difficulties in accepting this 
explanation. Hot only docs the composition of this 
compound vary with the pressure, but also with other 

^ Bohr, NageVs Handbuch d. X'hysiol, 1905,1., 1, p. 54; Loewy, 
^hysikal.*Chem. u. Medixin, 1907, I., p. 231; also Philip^ Physical 
Ch^slry; Its bearing on Biology and Medieme, 1913, p. '26. 
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varying condition* of preparation; further the maximum 
amount thaf can be taken up is by no means constant. 
Shps the maximum amount of oxygen that can be taken 
up should bear some constant relation to the amount of 
iron (representing hmmoglobin), but 1 g. of Fe corre¬ 
sponds to— 

328-408 c.c. in dog’s blood. 

301^50 „ * ox „ 

f 280-401 „ „ pig’s „ 

379-426 „ „ horse’s „ 


Again, in any given case, the maximum saturation is 
not reached oven at a pressure of 10 atmospheres t:— 


p ' 

cm. Hg. 

C.C. 

P 

atmospheres. 

C.C. 

17 

7-3 

1 

200 

25 

10-1 

2 

20'9 

34 

10-8 

3 

21'0 

44-5 

15'6 

5 

22'7 

56 

16-9 

7 

23T 



10 

23-4 


The first of these difficulties was apparently solved by 
Bonders, on the basis of chemical dissociation, analogous 
to the dissociation of calcium carbonate. But to “explain" 
all these phenomena, it was necessary to assume more 
than one kind of haemoglobin, and several dissociation 
products of haemoglobin, one containing iron (hsemochro- 
mogen), another one iron-free. The former again 
dissociates into a part containing oxygen, and another 
which is oxygen-free. 

. As Wolfgang Ostwald® pointed out, all the available 
data for the amounts both of oxygen and of carbon dioxide 

* Be A Lttfmsim baromitriim, etc ., Paris, 1878, p.Til3. 

« SoK Zeidcli., 1907,8, 264, 294. 



BIOLOGY 


301 


in blood are expressed by the adsitr{^ioii formula, 'and 
give typical adsorption curves; the following example 
will suffice ’;— 


• 

V 

mm. Hg. 

X 

in per cent, of total 
saturation. 

X 

calculated. 

..2 

32'6 

26-1' * 

16 

52-0 

. 52'9 

25 

63'5 

61-5 

45 

74-0 

751 

63 

83’0 

84-2 

82 

93-5 

921 


The figures in the last column are calculated from the 
adsorption formula— 


m 

with k = 20'6 and - = 0-34. Tlio curve in Fig. 21, 
n 

represents p and * in columns 1 and 2. 

There can be little doubt that the gases are adsorbed 
by the blood, probably at the surface of the disperse 
phase. 

The effect of artificial colloids on the solubility of 
gases has been the subject of investigation by Geffcken.^ 
With ferric hydroxide sol there was no difference between 
the solubility of oxygen in water and in the sol, while 
nitrous oxide was leas soluble in the sol. And more 
recently, Fincflay® and do-workers have carefully in¬ 
vestigated the problem, using carbon dioxide and nitrous 

' Loewy, Engelmam'a Arch. Phyaiol., 1904, 231. 

• Zdtsch. physikal. Chem., 1904, 49. 

» Ch£mf>Soc. Joum., 1910, 97, 63C; 1912,101,1469; 1913^103, 436j 



302 APPLICATIONS OF COLLOID CJiEMlSTRY 

oxide, and a larg^ Variety of colloid sols, as starch, egg 
albumin, ge'iatin, dextrin, ferric hydroxide, silicic acid, 
and suspensions of silica and charcoal, at pressures from 
25 b mm. to 1000 mm. of mercury. At low pressures the 
solubility of the gas may he greater or less than in water, 
but diminishes with rise of pressure, falling to a constant 
miniijnim or passing through a minimum and rising 
slightly after it. As there is no effect at all coilrparable 



with the case of o.xygen in blood, it is evident that some 
other factor must be operative in the latter case, and this 
may be chemical in its nature. 

Enzymes and Inorganic Fe,rnient8.—The organic fer¬ 
ments which have been isolated are amorphous, albumin¬ 
like substances; it is usually impossible to remove them 
from organic tissues with which they are associated. 
During reaction they must be either in the formvrf gel on^ 
the,surface of the tissue, or in the form of a sol (pipljaBly 
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einulsoid or bydrophile). In either ope the reaction is 
obviously heterogeneous, and adsorption, 'surface con¬ 
centration, and diffusion must therefore take an important 
part in the changes. If the chemical change is a rlpid 
one, the Nernst-Brunner principle must also apply, and if 
the enzyme is a sol. Brownian movement will come into 
play, as will also dianges in the specific surface under the 
inffueifde of reagent.s, especially of acids, alkalies and 
salts. 

Wlien Bredig discovered liis method of preparing sols 
of pure platinum and other metals, whose action as catalysts 
in the massive state was known, he was naturally led to 
examine their catalytic properties in comparison with the 
same metals in the solid state on the one hand, and with 
the organic catalysts, the enzymes, on the other. The 
results obtained by Bredig and his pupils are embodied in 
his interesting book, Amrganische Fermente (Leipzig,* 
1901). 

Qualitatively the metal sols were found to catalyse 
the same reactions as platinum black, e.g. the union of 
hydrogen and oxygen, the oxidation of hydriodic acid by 
atmospheric oxygen, and the decomposition of hydrogen 
peroxide, which is also catalylioally decomposed by many 
organic ferments. The activity of the sols is enormous; 
thus 1 c.c. of a platinum sol, containing from 0 0001 mg. 
to O'OOOOOS mg. of metal, showed marked catalytic 
properties. Sols of other substances which act upon 
hydrogen peroxide were much less active than this, the 
concentrations corresponding to the above being— 


Pt . . 

. 20 million liti^s for 1 g. atom 

Mn 02 . 

. 10 

CooO, . 

•> 

• #1 » 

Quo . 

. 1 „ 

PbOj . 

. 01 
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These concentrations *re comparable with those at which 
' the activity of ferments, etc., is perceptible. 

^ Quantitatively there is a close resemblance between 
' deebmpositions by metal sols and by enzymes. The 
decompositioh of hydrogen peroxide into water and 
oxygen is a very convenient reaction to study; it is a 
reaction of the first order if platinum black is used, and 
remains' so whether the sofetion is acid, alkaline,, or 
neutral. Here the chemical reaction is extremely rapid, 
and the velocity actually measured is the diffusion of the 
hydrogen peroxide across the adherent layer, the tempera¬ 
ture coefficient being correspondingly small. 

The reaction with platinum sol in neutral solution is 
not strictly one of the first order, although it is approxi¬ 
mately so, for if the sol is a very active one, the velocity 
increases as the amount of hydrogen peroxide falls off. 
•This is not due to the formation of a compound of 
platinum and oxygen, since the rise is repeated, even if 
the platinum has been previously treated with the peroxide. 
In acid solution the reaction is also of the first order. 

There is a difference in this connexion between the 
enzymes and the metal sols. O’Sullivan and Tompson,^ 
and Tamilian ^ have shown that the inversion of sugar by 
enzymes approximates to the logarithmic law (reaction of 
the first order), but is not in exact accordance with it, 
because of changes in the condition and activity of the 
ferment, which are functions of time, and in some 
instances of the amount of substance catalysed. 

In alkaline solution very pecijliar results were obtained. 
The activity b very much increased, so that the sol must 
be 3-30 times more dilute than in water, a suitable con¬ 
centration being 1 g. atom in 300,000 litres. Dilute 

* Chem. 8oc. Joum., 1890, 67, 926. 

• 2ei48ck. physikal. Chem., 1^9, 8, 86; 1898, 18 , 486. 
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alkali therefore increases the velocity,,which incrcaSfes at 
first with the concentration of sodium hydroxide to a 
maximum, and then diminislies, finally becoming less, 
than in neutral solution, e.y .— 


0’05 II 2 O 2 + 0-000003 Pt 


Concentration of ) „ 
NaOII ] " 
Jinj(min.)for (255 
50% decomposition 1 
Concentration of ) , 

NaOH I 
Time (min.) for ) 
60% decomposition \ 


25(! ik 

34 -28 24» 25 22 

J J 1 normal 

34 70 162 520. 


fig. 22 a is the corre.sponding curve. 

Thus in normal sodium hydroxide the velocity is 
reduced to half the velocity in neutral solution. This is. 
very similar to the eflect of alkali on the decomposition 
of hydrogen peroxide by oniulsin. Jacobson' had found’ 
that the enzymes of malt and of pancreas, and emulsin 
decomposed hydrogen peroxide much more rapidly in weak 
alkaline solutions, e.y.— 

Emulsin + HjCj 

® 

Time (min.) for 1 gg 3 fi 16 20 > 30 
. 170 C.C. O 2 J 

The curve (Fig. 22u) is very similar to that for 
platinum. 

The order of reaction cannot be determined, for in very 
lilute alkali solutions the velocity is independent of the 
soncentration of the peroxide; at greater concentration!) 
the order, of reaction comes out between 0-1. The cause 
> Zeitsch. physiol. Ohm., 1898,18,840. 
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of tWs may be thq stabilising effect of hydroxyl ion on 
negative sols* (p. 105), changing sub-microns to amicrons, 
and^cansing an increase in the specific surface and Brownian 
movement. A similar explanation may also hold for the 
analogous case of enzymes. Confirmation of' this view 
may be found in the observation that ferric hydroxide sol, 
which .’Ijas marked catalytic powers, is quite inactive in 
alkaline solution, according to Bredig’s observations. . It 
is a positive fiol, and the effect of hydro.xyl ion upon it 



should be the direct opposite of the effect on negative 
sols. 

If the concentration of the platinum sol is diminished 
in the ratio 2 : 1 , the velocity constant k decreases in the 
ratio 3 :1, e.g .— 


Pt concentration. 

k. 

2816 X 10-fi 

0-115 

21-12 „ 

0-072 

14-08 „ 

0-040 

10-56 „ 

0-0'24 

5-28 „ 

0-0084 

2-64 „ 

0-0027 


Finally, there is a striking parallelism between the 
" poisoning ” action of various substances on platinnip Sof 



BIOLOGY 


307 


and on enzymes. Substances such as^hydrogen sulphide, 
mercuric chloride, hydroxylaiuine, hydrocyanic acid, etc., 
even at very small concentrations, reduce or entirely stop 
the catalysis: e.g .— 

0 06 HjG, + 0 00001 I’t 


Concentration HCN 1 
(mol. net litre) / 
Time in minutes for 1 
50% decomposition / 


0-0 0 00000005 o-oooixiol ^cooooooa 

7-5 15-4 22'0 40 9 


i.e. O'OOM mg. of hydrocyanic acid in 1 litre reduces the 
velocity to half. Jacobson finds the same for the catalysis 
of hydrogen peroxide by emulsin and by pancreatic 
ferment, and Kobert found a similar sensitiveness of the 
catalysis of hydrogen peroxide by blood (baimase) to 
hydrocyanic acid (0 002 mg.). It is interesting to note 
that the order in which the reagents are mixed makes a 
great difference to the result; the poisoning of the 
catalyser, whether platinum or enzyme, is always more 
severe when the hydrocyanic acid is added to it before the 
hydrogen peroxide. Both the platinum and the enzymes 
“recover” their activity after a time. As Freundlich 
points out, the variation of the “ poisoning effect ” with the 
concentration of the poison is in accordance with the 
adsorption formula, though it is, of course, not suggested 
that the mere adsorption of the substance on the surface 
slows down or prevents the action (by offering a resistance 
to diffusion). 

Agglutination.—An enormous amount of work has 
been done during the recent development of colloid 
chemistry towards the elucidation of some of the perplex¬ 
ing and complicated reactions of biology in accordance with 
the newly acquired ideas, and in no direction have mofe 
,|trenuou* efforts been made than in the case of toxins and 
antitoxins, and the other reactions of a simifar nature. 
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So estensive is th<j sfibjeot that entire books have been 
devoted to it; obviously, then, nothing can bo done hero 
b^ond indicating how far the outstanding features of 
these reactions are colloid in nature, whether adsorptions 
or mutual precipitations of sols and gels. 

A word of warning may not be out of place here, 
although it may be equally necessary in other subjects. 
There is an undeniable tendency not only to"'apply 
a new idea oi* theory in many new directions in a loose 
and vague manner, but also to regard such applications as 
“explanations.” Mass-action, osmotic pressure, ionisation, 
hydrolysis, amphoteric electrolytes, and now colloids, 
adsorption, and surface tension, have been successively 
thus .employed, and often in cases of so complex a nature 
that it was a priori highly improbable that any one 
explanation could take in all the relations concerned. 
Particularly is it necessary to remember this in dealing 
• with adsorption. The adsorption formula is merely an 
empirical expression, which more or less closely fits a 
large number of facts, which are by no means necessarily 
the same in nature, and to show that a particular pheno¬ 
menon can be expressed by the adsorption formula certainly 
does not explain the phenomenon. 

What are commonly known as emulsions of bacteria 
are really suspensions, varying in dispersity according to 
the kind of bacteria, and are precipitated by quite 
definite amounts of electrolytes, as are suspensions 
generally. They are, as a matter of fact, not very 
sensitive, as they are not precipitated by kations of the 
alkalies or of light metals, but are precipitated by acids 
(hydrion), by kations of heavy metals, and by aluminium 
ahid ferric ion (see table, p. 310). They thus stand between 
suspensoid and emulsoid sols, and on this acco)mt have 
beep represented as suspensoids, protected by an entt^soicf 
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sol. Tills is supported by the fad that bacteria sols are 
not “protected” to any considerable extentliy omulsoids, 
such as gelatine or dextrin, which are usually so powerM 
in this respect. 

When'the immune serum is added to the bacteria sol, 
the latter becomes much more sensitive to electrolytes. 
Indeed, no clumping of the bacteria or sedimentation 
occurs on the addition of the immutie sorum, unless ?alts 
are present; hence, if the sol and the serum have been 
dialysed, there is no precipitation. It would thus appear 
that the agglutinin in the immune scrum destroyed the 
“ protecting ” part of the bacteria sol, which thus became 
a suspensoid sol. 

The method of working is as follows. The bacteria 
sol (typhus, cliolera, etc.) is treated with formalin, which 
kills the bacteria, the sol is repeatedly centrifuged, 
changing the water, or it is dialysed. The sol is opalescent, 
and remains without sedimentation for a long time. To 
obtain the agglutinin-bacteria, the serum of animals, 
which have been injected with the same bacteria as the 
sol, is added to a culture of the bacteria, and the resulting 
agglutinin-bacteria sol is treated in the same manner as 
the bacteria sol. 

The agglutinin-bacteria sol is not precipitated by 
hydroxyl ion, but is readily precipitated by acids and salts 
of heavy metals. The valency rule applies, the pre¬ 
cipitating power increasing with the valency of the 
kation. There is an “ optimum ” of precipitation at one 
definite, ratio of bacteri* sol to agglutinin, and no pre¬ 
cipitation occurs if there is a large excess of either. This 
is analogous to the mutual precipitation of positive and 
negative sols (p. 134).' The following table illustrates the 
differences between bacteria sol (typhus) and the corre¬ 
sponding agglutinin-bacteria in their precipitation by 
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electiplytes. For comparison, the corresponding figures ’ 
for a mastic Stil are added:— 

ConcGiitration (m.rnol. per litre) for 
precipitation in 24 hours, 

Agglutinin- 

Electrolyto. Bacteria. bacteria. Mastic. 


NaOl . . . 

00 

25 

1000 

NtrNOj . , . 

— „ 

25 

•v 

NaoSt)^ 

. 

— 

65 


KOH . . . 

m 

CO 


IICI .... 

1 

O'S 

10 

HjS 04 

2 • • • 

1 

0-25 

10 

H.C 2 TI 3 O, . . 

1 

1 

_ 

AgNOj . . 

25 

1 

125 

MgSO^ . . . 

00 

1-3 

50 

CaClj . . . 

CO 

2-3 

25 

P. 1 OI 2 . . . 

CO 

2-5 

— 

CdSO^ . . . 

6 

0-5 

12 

NiCNUgla . . 


1-3 

— 

llgOla . . . 

1-3 

0-25 

— 

Al 2 (S 04)3 

2 ■ ■ 

0-08 

0-08 

0-15 

F<'2(S04)3 

2 • ■ 

0-2 

0-04 

0'15 

The change from emulsoid to suspensoid is also shown 


by the precipitation of agglutinin-bacteria by dyes. 
Similar changes occur when egg-albumin is coagulated by 
heat. The mutual precipitation »vith its zone bounded on 
both sides by zones of non-precipitation is accompanied 
by the analogous behaviour toward.s multivalent ions, e.g. 
AP" and Fe"’ (p. 139), and also towards acids (H'); the 
latter of which, however, has not been observfld with 
I BSohhold, Zeitsch. physikal. Chem., 1904, 48', 886, 
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inorganic sols. Its occurrence in tlii.s instance is jirobably 
connected witli tbo anomalous position of ah albumin-likb 
substance with suspensoid properties, the albumin cha¬ 
racter rendering the sol very susceptilile to hydriou (H’) 
as emulsoid sols of albumin are known to be. 

Henri* pointed out an important difference between 
the mutual precipitation of sols and agglutination in that 
the fttrmor only occurs between sols of opposite electrio 
ebarge, while the latter occurs with boll» For instance, 
red blood corpuscles, wbicb are negative, can be precipi¬ 
tated by both positive and negative sols. He assumes 
that the corpuscles are surrounded by a pellicle which can 
fix salts (by adsorption ?), especially magnesium sulphate 
and calcium sulphate. These salts act ui)on auy pre- 
cipitable sol, producing a coagulum ro\ind the corpuscle; 
they can be removed by dilTusioii into an isotonic sugar 
solution, after which the blood corpuscles are much less 
susceptible to prccij>itation by sols. Similarly by soak¬ 
ing them in solutions of salts, e3i)coially of chlorides and 
sulphates, they become more readily precipitated by sols, 
and especially by ferric hydroxide sol. 

The nature of the combination between the bacteria 
and the agglutinin is a problem of much the same kind 
as that of the combination of fibres and dyes. From the 
con.stanoy of the ratio of the two which is necessary for 
optimum precipitation, it was at first concluded that the 
combination was chemical in nature. But this alone is 
of no value as a criterion, since, to mention only one 
instance, tlm mutual pijicipitation of positive and negative 
sols also fulfils this condition, even in cases whore chemical 
reaction in the ordinary sense cannot possibly be supposed 
to take place. Biltz® then suggested that they ryere 

I Compt. rend., 1904,138,1461. 

* Zeitsch. physikal. Chem., 1904, 48, 61#. 
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adsorption compound* formed from a highly disperse 
Imulsion and' a sot He showed further that the dis¬ 
tribution of agglutinin between the bacteria and the 
immtine serum followed the adsorption law, as the follow¬ 
ing figures sh 6 w:— 


Typhus 

Bacillus and Agglutinin. 


'Agglutinm 

in 

Agglutinin in 

agglutiula-bacilli. 

solution/ 

Observed. 

Calculated. 

20 

180 

170 

60 

340 

360 

600 

1500 

1520 

3500 

6500 

6960 

9000 

11000 

11400 


The figures in column 3 are calculated from the 
adsorption formula 

a; 1 
- = ac» 
m 

in which the constant a = 21 9, and - = 0'637. 

n 

The action between bacteria and agglutinin can'thus 
undoubtedly bo expressed as an adsorption. But there 
are difficulties in the way of nocej)ting this as a final 
explanation, for a most important feature of the whole 
reaction is the fact that sols of any one kind of bacteria 
are affected only by the agglutinin produced in serum by 
the injection into the animal of the same kind of bacteria, 
and by no other. Gelatine, however, acts as a specific 
agglutinin to both typhus and oh(^era bacilli.*' This, while 
confirming the colloid nature of the reaction, is difficult to 
work out on the line of chemical combination, although, as 
Proctor found in investigating the action of acids and salts 

^ BUtz, naiurverein. Archiv., 1907, 1, 863, coloulated from 
Elsenbetg and Volk, ZeitKh. Hygiene, 1902, 40,155. 
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on gelatine, gelatine forms a.ohemioHl jompound of a.salt 
like nature with acids (p. 291). This specific charadte 
of the reaction is generally considered to he strongly it 
favour of a chemical reaction between the two, a poiu' 
of view advocated throughout by Arihouius in his bool 
on Immunochcmie. If the combination is chemical it 
nature, it must be of a peculiar jind restricted kiut^ The 
prubability of deciding the problem in tlie meantime 
seems to be somewhat remote. 

Toxins and Antitoxins.—The nature of the reaction 
between a toxin and its antitoxin has, like tlie similar 
reaction of agglutination, attracted mucli attention in 
recent years, and the po.sition concerning it is very similar 
to that in the case of agglutination. 

The substances concerned in the toxin-antitoxin 
reaction are undoubtedly colloid in nature more so on the 
whole than in the agglutination reaction, some of them,* 
indeed, being so far removed from the dispersity associated, 
with emulsions that they diffuse fairly rapidly. The 
diffusion coefficients of soma toxins and antitoxins in 
gelatine have been determined by Arrhenius.' 

pTY>2 

Diphtheria toxin . . D = 0'016xl0"® - 

sec. 

„ antitoxin . O’OOl? „ 

Tetanus lysin . . . 0 043 „ 

„ antilysin . . 0'0024 „ 

The substances are thus colloids, and the antitoxins 
apparently mjre so thar^the corresponding toxins. No 
conclusions regarding molar weight by the application of 
Thovert’s relation (p. 35) arc permissible, as the diffusions 
were carried out in gelatine and not in water. 

The first striking similarity between the colloid 


* Immunodtmie, p. 17. 
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reactions and the toxift-antitoxin reaction is what is known 
in'the latter as the Danysz effect. When a diphtheria toxin 
, is treated with its antitoxin, the reduction in toxicity 
depends on the manner in which it is added, t.c. an amount 
of antitoxin* which is exactly sufficient to neutralise a 
given amount of toxin when added all at once, is not 
nearly;sufficient to neutralise the same amount of toxin 
when added little by littl6, with moderate interyals 
between each'addition. And the longer the intervals, the 
greater is the insufficiency. This is a well-known charac¬ 
teristic of colloid reactions, e.g., in the precipitation of 
suspeusoid sols by electrolytes,^ and in the salting out of 
emulsoids, as albumin.* If the salt is added all at once, 
more albumin is precipitated than if it is added gradually ; 
when 5 c.c, of a saturated solution of ammonium sulphate 
were added at one operation to 5 c.c. of a wliite of egg 
sol, the filtrate contained 017 g. of albumin; when the 
. addition was spread over twenty-four hours the filtrate 
contained 0'214 g., and over forty-eight hours it contained 
0'237 g. Similarly with the mutual precipitation of positive 
and negative sols, the ratio of the amounts which produce 
complete precipitation is a function of the time over which 
the additioir is extended. This “acclimatisation” is an 
important objection to explanations of the phenomena on 
the basis of chemical combination, or of chemical equi¬ 
librium, for even when the latter requires appreciable 
time for equilibrirrm to be established, the equi¬ 
librium itself is independent of the time. Bredig 
noticed too that the manner iis which hydrocyanic acid 
and hydrogen peroxide were added to platinum sol made 
very great differences in the result (p. 307). He also 
states that an old gold sol is much less sensitive to 

* Freundlich, ZeiUch. physiltal. Ghent., 1903, 41,143. ^ 

• Htiber'ancl Gordon, Beitr. cTxm. Physiol. Path., 1904, 5, 436, 
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ammonia than a fleshly prepared rtie^and that the addi¬ 
tion of such old insensitive sols to new very sensifivt 
ones confers on the mixture "immunity” against ammonia.' _ 
There are thus many colloid analogies with the Danysz 
effect. 

Several investigations of the electrical behaviour of 
toxins and antitoxins have been made with a^yew to 
explaining their action on *cach other, but with no very 
definite result. Diphtheria toxin an<l antitoTin were found 
by Field and Teague ^ to migrate distinctly. Bcchhold also 
found that diphtheria toxin was slightly weakened at the 
anode, while the antitoxin migrated to the kathode. In a 
mixture containing an excess of toxin, the excess migrated 
to the kathode, provided that the experiment was per¬ 
formed immediately after mixing the toxin and antitoxin.® 

T1)0 main question here, as in agglutination, is whether 
the reaction is due to chemical combination or to an 
adsorption. The chemical reaction which naturally is at. 
once suggested, is tlie neutralisation of acid and base. 
Against this is not only the fact that, as stated above, the 
proportion of the two necessary for neutralisation varies 
with the manner in which the addition is made, but also 
the further fact that as the amount of antitoxin to a fixed 
amount of toxin increases, the amount of free toxin 
diminishes, but never entirely disappears. The corre¬ 
sponding chemical reaction is the equilibrium between a 
weak acid and a weak base, such as ammonia and boric 
acid, in which case too there will always be free boric 
acid (or ammonia), however great an excess of ammonia 
(or boric acid) is added. It is chemical reactions of 
this type on which Arrhenius has baaed the chemical 

1 Bredig, Anorganische Fermente^ p. 28. 

JoMfTial of Experimental Medicine, 9, p. 86. 

Bechbold, Koll. Zeitsch., 1907, 3,184, abstract 
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theo»y of the reaoti*. The equilibrium equation for 
thff above case of a weak acid and weak base in aqueous 
solution is— 

CjCj = h 

in which Cj is the concentration of free acid, 

Cj „ ' „ free base, 

•f c „ „ combined acid, ^ 

and i is a ooq^taiit. 

The following table shows how closely the above equa¬ 
tion holds for the reaction between toxin and antitoxin. 
In it Cl, C 2 , and c are the amounts of free tetanus lysin, of 
antilysin, and of bound lysin respectively. The value of 
k is 0'11.5; n in the first column is the amount of antilysin 
added to 1 of lysin, the second column contains the amount 
of free lysin as determined by experiment, and the third 
column the amount calculated from the above equation;— 


Tetanus Lysin and AntUysin. 


n 

c, (obs.). 

C[ (calc,). 

0 

100 

100 

005 

82 

82 

01 

70 

66 ■ 

015 

62 

52 

0-2 

36 

38 

0-3 

22 

23 

0-4 

14-2 

13-9 

0-5 

101 

104 

0-7 

61 

6-3 

10 

40 

4’0 

1-3 

2-7 

2-9 

1-6 

2'0 ‘ 

2-5‘ 

2-0 

1-8 

1'9 


• Biltz was the first to suggest that the reaction might 
bo an adsorption, and in support of this view shojred that 
the resulls-are in agreement with the adsorption foiiQuta. 
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The following table, calculated by uBiltz • from Ma(^en’3 
results 2 on the reaction between diplitberfa toxin and 
.antitoxins shows how closely the experimental results jy o 
expressed by the adsorption formula:— 

Diphtheria Toxin and Antitoxin. 

Free toxin in Toxin bound to the antitoxin. 


solution. 

^obs. 

calc. 

1-2 

11)7 

180 

5'6 

210 

210’ 

111 

222 

230 

17-2 

2;!7 

240 

28-0 

240 

255 

32-2 

270 

260 

49 8 

251 

270 

57-6 

283 

275 

72-8 

272 

280 

74-4 

(511) 

283 


The calculated results in tire third eolumu are obtaineil 
from the adsorption formula— 

X b 
— = aort 
m 

in which a = 177, and ^ = 0'102. 

n 

A comparison of the two tables shows that both the 
adsorption formula and the equation for the equilibrium 
between a weak acid and a weak base express the experi¬ 
mental results very closely, when the uncertainties of the 
experimlmtal data are borne in mind; on the whole, the 
'hdsorptioii formula is in «loser agreement. There is, how¬ 
ever, the same difficulty here as in the case of agglutina¬ 
tion, namely, the speeijic nature of the reaction. The fact 
is that diphtheria antitoxin is the only one which can 

> Biltz, Ux. «(., p. 312. 

‘ Madsen, Arrheniut’ Immunochemie, p. 13> 
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neutfalise diphtheria ctoxin, though it has not yet been 
made clear h'6w this is to be explained by chemical action 
0 ^ the type of neutralisation of acid and base, which ia 
certainly a general and not a specific reaction. 


OSMO'TIC PUKSSURE AND SEMIPERMEABIt.ITY, MeMBRANB 
Hydrolysis 

f 

The earlier determinations of the osmotic pressure 
exerted by biologically important colloids gave conflicting 
results, partly on account of inadequate methods, and 
partly because of unsuitable treatment of the substances. 
Recent work has shown that very considerable osmotic 
pressures are attained in some oases. Owing to the colloid 
character of the substances, there is usually no trouble in 
scouring a membrane which is sufficiently impermeable by 
the colloid, while allowing water and crystalloids to pass 
freely. Parchment paper and collodion films (p. 27) are 
found most generally useful. As they are readily 
permeable by salts, any permanent osmotic pressure 
recorded cannot be ascribed to electrolytes or other 
crystalloid impurities. 

The effect of electrolytes on the osmotic pressure of 
sols has also been investigated; these, especially in the 
case of albumin, are of interest from the biological point 
of view. As a rule, the osmotic pressure of sols is lower 
if salts are present, but in a few cases the pressure is 
increased, although the membranes are readily permeable 
by these salts. The cause of this is found in the change 
of dispersity of the disperse phase. 

Moore and Parker * determined the osmotic pressure of 
soap solutions, and obtained fairly large values. Thev 


‘ Atmr. J. Physiol., 1902, 7, 262. 
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concluded that soap is not dissolvei^ as single molecules, 
but as “ solution aggregates.” (Kor a general aecount o{ ^he 
^oaps, see p. 269.) 

Particular interest attaches to Bayliss’s' recent work 
on the osmbtic pressure of Congo red, which ie the sodium 
salt of a disulphonic acid, the theoretical molar weight of 
which is 696. The apparatus used was of the Moore and 
llo^f* type, in which a parchment paper septum is elainped 
between two metal chambers provided witji flange.?, the 
septum being supported by a rigid metal grid. The values 
obtained were slightly below those for a solution containing 
single molecules, and this behaviour was confirmed by 
vapour-pressure determinations, which gave normal values. 
Notwithstanding this, Congo red is a colloid, for it does not 
diffuse or dialyse, migrates in an electric field to the 
anode, and is precipitated by kations in accordance with 
the valency rule; at the same time, it is a good electrolyte,, 
and in dilute solution is largely ionised, up to 80 per cent, 
at a dilution of 600 litres, from which the osmotic pressure” 
should be from 1'5 to 3 times the calculated value. Similar 
results have been obtained by Biltz,* the osmotic pressure 
of Congo red corresponding to a molar weight of 602, 
when the osmometer was immersed in pure water. When 
the outer liquid was a solution containing the products of 
dialysis, concentrated until its electric conductivity was 
the same as that of the contents of the osmometer, the 
osmotic pressure fell, and then gave a molar weight of 
2333. 

The conditions obtaining in the dialysis of the salts 
of the nature of Congo red, say NaE, have been investigated 

> Bayliss, Proa. Soy. Soc,, 1909, B. 81, 209; 1911, B. 84, 229; Eoll, 
Zdtsch.t 1910, 6, 2$. 

* Bioeftm. J., 1906, 2, 34; or Philip, Physical Chemistry: »/ls 
J^earing oif Biology and Medicine, p. 182. 

■' ^Htsch. physikal. Chan., 1909,88,867; 1910,78,481 1 ibll, 77,91. 
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by Donnan.* He shpwa that if a salt NaB, like Congo 
‘ rc^. is dissolved in water and separated from pure water 

a semipemieable membrane like parchment paper, a^ 
■ lar^e amount of hydrolysis may take place. Qualitatively 
at least thisTs readily deduced. The membrane is per¬ 
meable by Na' and not by B', nor by the unionised NaB; 
it is also permeable by H' and OH', and also by H 2 O; 
conseqbjntly it will be permeable by NaOH and not by 
HE. Thi.s be,ing so, the salt which in water may not be 
hydrolysed at all, can be largely decomposed in water 
when separated from pure water by the membrane, and 
especially will this be possible where, as is the case with 
Congo red, the acid is more colloid than the salt. An 
aqueous solution of the blue acid of Congo red shows 
submicrons in the ultramicroscope, and the osmotic pres¬ 
sure corresponds to a molar weight about 20 times that 
.for single molecules. 

The same kind of thing will also occur with substances 
like aluminium chloride, and with simpler salts in the 
case of membranes like aluminium hydro.xide which are 
permeable by various ions to very different extents. As 
experiments on the electric conductivity of salts across 
precipitation films showed, an aluminium hydroxide 
membrane is readily permeable by H’, K‘, Na', Cl', but not 
by SO 4 "; from which it follows that an aqueous solution 
of say sodium sulphate, which is not hydrolysed to a 
measurable extent, can be separated by dialysis through 
such a film into sodium hydroxide and sulphuric acid. 
SimOarly a weak acid like carbonic acid may be enabled 
to decompose a salt of a much stronger acia, if the latter 
is able to dialyse across the membrane much more rapidly 
than the other substances. 

' Zeitach. EUUroclum., 1311, 71, 572; Chm. Soc. Jmrtt,. 1911, 99, 
1554. 
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At the same time electrical potential differences fiisty 
also be established at snch a membrane? With Congo led 
pn one side of the film, sodium chloride is distributed 
unequally on the two sides of the film, being higher on 
the side dJ)posite the Congo red. According to Donnan, 
these inequalities of concentration render fallacious any 
calculations of molar weight from the osmotic pressures 
observed in such cases. 

Casein and sodium hydroxide give ris^ to a similar 
condition of matters,* for the sodium hydroxide crosses 
over to the casein against the osmotic pressure. Until 
the casein is almost saturated no alkali will remain on 
the outside of the osmometer. Alkali, therefore, moves 
against the osmotic pressure to the colloid side in order 
to unite with the casein. 

Moore attributes the osmotic pressure to this union, 
and assigns to the membrane the purely mechanical rdle. 
of holding together the aggregates; he maintains the 
impermeability of the membrane to be a fiction, stating 
that free ions pass through the membrane readily, while 
ions anchored to the colloid are retained on the colloid side 
of the membrane and exert pressure. With living cells 
the different concentrations of sodium, potassium, chloride 
and phosphate ions inside and outside the cell are re¬ 
garded as expressions of the specific affinities of the 
definite colloid of each type of cell for these ions, and do 
not imply that there is a membrane acting as a “ closed 
gate” to these ions. Moore and Eoaf^ are apparently 
not in favour of selective permeability of membranes, 
preferring on' the whole* selective adsorption by proto¬ 
plasm. 

' Moore, Roaf and Webster, Biochem. J., 1911,6,110. 

• See further, Hiiber, Arch, ga. Phjniol., 1913,160,16; and Moore 
<tjd Roaf, Si>U. Zeiisch., 1913,13,138. 

y 



322 APPLICATIONS OF COLLOID q^IEMIS?RY 

• yhe question arises whether there is any real dif- 
' fesence between Jhe two. Selectively adsorbing proto- 
jjlasm in the cell would probably act as a selectively 
pertneable membrane, if it was spread out as a film 
between the'two phases. * 
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“Acclimatisation/' 98, 314 
Acid albumin* 116,1J8 
“Active" electrolyte, 62 
solutes, 242 
“ Adhesions/’ 266 
Adsorbents, ofliciency, 249 
AdflO'^tion, 225,247 
equilibrium, 249 
formula, 250 
isothermal, 250, 252, 2C0 
nature of solvent, 251 
negative, 248 
and precipitation, 102 
at liquid interfaces, 262 
of dyes, 258,283, 290 
of gases, 258 
of gases by blood, 300 
of ions, 91, 104 
of salts by soil, 29G 
pseudo-, 256, 2CG 
theory of, 254 
Agar, 120,182 
concentration of phases, 19 
Agglutination, 307 
and adsorption, 312 
eltect of dyes, 310 
salts, 309 

Aggregates, crystalline, 166 
Albumin, acid, IIG, 118 
alkaline, gold number, 131 
anipbotcrio nature, 65, 118 
coagulation, 116,117,120 
crystallised, 113 
density, 21 
diffusion, 30 
conductivity, 64 
gold number, 131 
kataphoresis, 84 
molar weight, 35 
osmotic pressure, 35 
precipitation, 1^3, 114, 118, 420, 
137 

preparation, 114 
salting out, 19, 114 
solid skins on, 278 
surface tension, 21 
viscosity, 22 
Aicogels, 


Alizarin lakes, 281 
Alkali metals, organosols, 223 
Alloys, sols from, 216 
Alumiuium acetate, hydrolysis, 14, 
197, 198 

hydroxide, crystallinn, 178 
bydrosol precipitation, 92 
proparati^, 198, 214 
ion on sola, 95, 139 
lakes, 281 
mordants, 278 
Amicrona, 11 

development of, 64 
Amplitude of Brownian movement, 
49 

and precipitation, 95 
Aniline, electric ohaigo on, 92 
Antiinonious sulphide, hydrosol, 
205 

Antitoxins, 313 
kataphoresis, 315 
Arsonious sulphide hydrosol, 12 
density 20 
dialysis, 31 
diffusion, 31 

hydrogen sulphide in, 108 
kntaplioresis, 80 
molar weight, 35 
precipitation, 98, 101 
by lerric hydroxide bydrosol, 187 
preparation, 204 
anil alcohols, 266 

Bauium carbonate alcosol, 215 
sulpliate hydrosol, hydrogel, 175, 
176, 200 
Benzogols, 156 
Bichromate mordants, 279 
Bismutli bydrosol, 194 
Blood, oxygon equilibrium, 299 
Blue gold hydrosol, 191, 192 
Boiling point of sols, 36 
of soap solutions, 270 
Boron bydrosol by poptisation, 213 
Brownian movement, 11,47 
amplitudo, 49 
and precipitation, 95 
dispersity and, 65 
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Bro^lan movemdnt oscillation 
period, 49- 
Hhe^ry, 61 

Cadvium hvdrosol, 220 
'sulphide hydrosol, 214 
Capillary an^ysis, 26S 
Casein, 20, 268 * 

gold number, 181 
membrane hydrolysis, 821 
protection by, 207 
Cellular stix^pture of gels, 165 
iiJharcoal adsorption of gases, 258 
adsorption of 257 
Olay, estimation by adsorption, 20G 
adsorption ofc>alts, 296 
Clupein, diffusion, 36 
Co-silicato8, etc., 33 
Coagulation, 9 
of albumin, 116,117,120 
Collodion dialysors, 27, 29 
imbibition, 159 
nltrafiltor, 5S 
Colloidogons, 269 
Colloids and crystalloids, 1, 5, 21 
“ complex ” theory of, 108 
♦Icctrolyto, 209 
Colour of sols. 40, 41, 219 
and dispersity, 41 
Coluplox ions, on sols, 112 
Compressibility of gels, 144 
Condensation methods of prepara¬ 
tion, 170 

Congo rod, osmotic pressure and 
dialysis, 819 

Conversion of one sol into another, 
215 

Copper hydroaol, 194 
forrocyanide hydrogel, composi¬ 
tion, 109 

oxide hydrosol, 216 
salts on albumin, 119 
sulphide hydrosol, 204, 205 
organosols, 205 

Cotton, adsorption of tannin, 280 
Critical point and surface tcusion, 
228 

Crystalline aggregates, 166 
Crystallisation methods of prepara¬ 
tion, 169,179 
velocity, 170 

Curved surfaces, vapour pressure, 230 

Danvsz effect^ 814 
Dehydration of gels, 152,156 
Density tf solas 20 


Dextrin, molar weight, 85 
osmotic pressure, 83 
Dialysers, comparison, 29 
Dialysis, 24, 31 
methods, 26 

of Congo rod, soaps, otc., 319 
Diffusion, 24,80 
and dispersity, 56 * 
molar weight, 86 
into gols, 24,147 
of toxins and antitoxins, 313 
Disperse phase, 8 
• equilibrium with ion, £71, 
Dispersion electrical, 217 
medium, 3 

methods of preparation, 170 
Dispersity, 3,11 
and colour, 40 
and solatioii, 212 
dulorminatioii of, 63 
Disporsoids, 6 
Distribution law, 252 
and dyeing, 285 

of sols between two liquids, 263 
Double refraction of gels, 146 
Dyeing, 273 
aud adsorption, 282 
and chemical action, 231 
and distribution law, 285 
and solid solution, 284 
effect of acid and alkali, 283, 268 
of salts, 276 

Dyes,action on agglutia-bactcria,310 
on albumin, 120 
of salts on, 275 
adsorption of, 258, 282, 296 
colloid, 274 

distribution between two liquids, 
266, 285 

electrical migration, 275 
mutual precipitation, 134,187,276 
solid skius on, 277 
titration of with dyes, tannin, etc., 
277 

Dynamic surface tension, 227, 234 
at liquid interfaces, 2C2 
o[ solutions, 285, 

Elastic gels, hydration of, 156 
Elasticity of gels, 145 
Electric charge of sols, 82, 93 
effect of filtration; 59 
conductivity, Cl 
albumin, 65 
casein, 266 , 

silver hvdrosol, 64,188 
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EIcctrio conductivity of soaps, 270 
Eicctrioal dispersion, 217 
Bredig’s method, 21S, 220 
of non-motals, 224 
organosols, 218, 220, 222 
synthesis of sols, 169 
Svedberg’s methods, 218, 221- 
224 

at kathode, 217 

and decomposition of liquid, 
218, 220 

Electrical properties of sols, 66 
tl eory of, 85, 88 
Eleotroendosmosis, G6 
acid and alkali on, 63 
salts on, 70 
valency rule, 72 
of organic liquids, 73 
Electrolyte colloids, 209 
Emulsides, 267 

Emulsin, diffusion and molar 
weight, 36 

decomposition of hydrogen per¬ 
oxide, 305 
Emulsions, 4, 6 
oil, 85 

kataphorosis, 85 
precipitation, 112 
Emulsoids, 6,18 
protection, 181 
mutual precipitation, 137 
precipitation of suspeusoids, 188 
solvation, 23, 36 
trivalont ions on, 112 
viscosity of, 21, 23 
Enzymes, catalysis of hydrogen per¬ 
oxide, 803 

“ TOisoning ” of, 807 
and Inorgauic ferments, 302 
Equilibrium between blood an 1 
gases, 299 

» between ions and sol, 271 

Fbsuekts, inorganic, 302 
Ferric ethylate, hydrolysis, 200 
hydroxide hydrosol, chloride in, 
108 

conductivity, 62 
kataphoresis, 80 
precipitation, 96,100,140 
preparation, 199, 200, 213 
rotection by, 132 
ydrogel, adsorption of As.O,, 
^ 253 • 

ioh <vi platinum sol, 140 
salts, hydrolysis, 197 


Filtration, effect on electric charge, 

: 69 ^ • 

j Fluoresceuci and •Tyndall Effect, 
I 39 

j Freezing point of sols, 86 
Fused salts, surface tension of, 228* 

i Oamboqe, hydroRO*, 180 
Gases, adsorption, 268 
solubility in sols, 301 
Gel, 4,10 
Gelatine, 121 
compresRibiltty, 144 
conductivity, 0^ 
crystalline, 121 
density, 144 

gelation and suliHion, 122,124 
hysteresis, 124 

imbibition, 157,161, 163, 290 
kataphoresis, 83 
molar weight, 35 
mutarotation, 122 
mutual precipitation, 133,188 
optical activity, 147 
osmotic pressure, 35, 36, 126 
protection by, 134, 206 
salting out, 125, 126 
susponsoid sol, 182 
.tanning of, 290, 293 
viscosity, 22, 122, 123, 121 
Gelation, 10 
and elasticity, I4G 
and imbibition, 1G4 
of gelatine, 122, 121, 12G 
of silicic acid, 127 
of soap, 271 
Cols, diffusion in, 24 
diffusion of, 25,147 
double refraction, 140 
elastic gels, 15G 

hydration and dehydration, 162, 
156 

imbibition, 157,158, 159, 1C3 
salts on, 163 
non-elastic, 152 

permeability of, 147, 149,151, 320 
structure of, 166,166,167 
thermal properties, 144 
vapour pressure of, 152 
viscosity, 145 
Globulitio structure, 166 
Gold ethersol, 264 
bydrosol, blue, scarlet, violet, 191, 
192 

conductivity, 62 

distribution between alcobtols, 266 
Y 2 
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Gold procipitalion by ferric by- 
d»oside bydiosoi, 112 • 

“ pnoparation, f82, 188^1^3 
“ (iold number,” 131 
fotablo, 182 
sulphide bydrosol, 207 
Gum arable, molar weight and os¬ 
motic prossdro, 35 
piotcotiun by, 207 


H' and OH', opposed effect on eloc- 
trooa^smosis.08 
on gelation of silicic acid hydrosul, 
129 , 

on precipitation of sols, 100 
Heat of iinbil^tion, ICO, IGl, 162 
Heturogeiioous systems, classiOca- 
lion, 4 

“Honeycomb” strnctnro, 165 
Humus, colloid properties, 295 
Hydration of gels, 152,160 
Hydrolysis, 1-1,196 
and mineral tanning, 293 
valency rule, 141 
mombiaiio, 318 
of conge red, 319 
•' metbods of preparation, 196 
of ferric sa’ts, 197,199, 200 
methyl silicate, 2U0 
salts, 196 

silicon sulphide, 197, 200 
Boaps, 270 

Ilydrophilo, hydrophobe soK, 7 
precipitation of, 93 
Hydrosol-hydrogcl, 5 
Hysteresis of gelatine, 124 
silicic acid sol, 19,156 

Ice sol, 179 

Imbibition, 157,153, 162 
acids on, 291 
beat of. 160,161,162 
maximum, 165 
prosBuro, 159, 160 
salts on, 126, 163, 164, 291 
velocity, 162 
Immunity, 309, 315 
Indicators, colloid theory of, 272 
Invertiu, diffusion, 36 
Ions, adsorption of, 91,101,119 
stabilising effect, 105 
Ir?egulae series, 140 
Irreversible precipitation, 93, 112, 
127 • 

of albumin.^llG, 119 
Isoeleitriojjloiut, 96 


Kaolim suspensions, precipitation, 
99, 106 

Kataphoresis, 66, 74 
and dielectric constant, 83 
and mutual precipitation, 137, i42 
electrolytes on, 81 
in organosols, 82 
of albumin, 84 
of emulsoids, 83 
of oil enuilsious, 85 
I of silver hydrosol -p Al'”, 81, 95 
j of buspensoids, 74 
I* velocity of, 76, 80, 88 * c 
I iuvthodo reduction, sols by, 185 

diffusion, 36 
l;akos, 280 

hicsegang’s rings, J13 
Liquid inoUisidiis, 4 

int.otlacos, adsorption at, 282 
precipilalion at, 121 
surface tensions at, 2G2 
Liquids, surface tension, 228, 233 
Lyophile, jyupJiobo sols, 7, 93 
Lyotrope scries, 7-9, 31, 151 
and gelation of gelatine, 124 
of silicic acid, 129 
lioat coagulation of albumin, US 
imbibition, 163 

osmotic pressure of gelatine, 126 
precipitaiiou of albumin, 116 
Lysalbic acid, 132, 192, 208 

Mastic liydrosol, ISO 
Mecliamcal liltralion of wvter, 293 
precipitation of albumin, 121 
dyes, 121 

Membrane hydrolysis, 318 
of Congo red, 819 
Mercuric sulphide bydrosol, 205 
Mercury hydrosol, 194 
electrical synthesis, 169 
surface tension, 259 
Metal othor^iols, 41 
hydroxide hydrosols, 207 
sols, 12 

Metals, surface tension, 223 
Methyl violet dialysis, 20 
kataphoresis, 75 

Methylene blue, migration of, 275 
Micron, 11, 42 

Microscopic observations on sols, 42 
visibility, 11 

I Migration of dyes, 275* 

Mineral tanning, 292 
! “ Molar fraction,” 234 
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Molar surface energy, 229 
Molar weight and diftusiou co¬ 
efficient, 35 
of casein, 269 
colloids, 32 
of dyea, 287 
of soaps, 

Molybdic acicfliydrosol, 129 
l^ordants, 27S 
tannin, 280 

Multivalent ions on sols, 112, 139, 

141 

Mut^jfoLution of gelatine, 122, 124 * 
Mutual precipitation of sols, 134, 
UO 

and katapboi'csis, 137, 1.12 , 

and tanning, 290 
of dyes, 134,141, 276 
of oinulsoida and snspensoids, 138 
of ferric hydroxide hydrosol and 
ursenioub sulphide hydro- 
sol, 133 

and gold hydrosol, 112 
gold hydrosol and thorium 
hydroxide hydrosol, 135 
optiimiin ftoiiconttation, 1 15, 136 

142 

zones of, 135, 138,141 
solubility of liquids, 262 

NiflATiVB ad'orption, 213, 250 
diaphragms, 71 
sols, 70, 276 

Konylic acid, surface tension, 244 

OttDOMETER, 159 
Oil emulsions, 85 
katapliorosis, 85 

precipitation, 112 ^ 

Optical activity of golaliue, 147 
properties of sols, 38 
gels, 14G 

“ Optical void,” 30 
Organic liquids, olectroendosmosis, 
73 

Organosols, alkali metals, colour, 41 
preparation, £23 
and water, 265 
Brownian movement, 50, 52 
kataphoresis, 63 
metal, 219 

preparation, 181, 182, 2C6, 207, 
215, 218, 222, 223, 224, 265 
Clacillatioifperiod, 49 
Osmo^icfcpressui'e and biology, 313 
of Congo red, 319 


Osmotic pressure of soups, 318 
of sc#s, 82, 34, 36 • , 

olcctrdlytes oif, 126, 318 
Oxidation methods of preparation, 
194 

Paal’s methods of preparation, 184, 
192 

Pektisation, 10 
Poptisution, 10 
and tanning, 290 
Jiietliods of preparatij^'* 203, 213< 
of silicic acid, 4o 

Permeability o^ aluiniiuuiu hy¬ 
droxide liydrogel, 9U 
gels, ]47, 149, 151#:t20 
” Pickling ” liidos, 290 
Platinum h}drosol, 19U, 193 
catalysis, 302 
katapborosis, 80 
organosols, 50 

Potential dilferenco between glass 
and water, GS 

metals and organic liquids, 33 
Precipitation and adsorption, 102 
coiiccntralion, 97 
films, 152 
of albumin, 113 
dyes by other colloids, 276 
emulsoids. Ill * 

night blue by oosin, 277 
Buspeusoids, 94, 96, 98 
“ salting out,” 114, 125 
valency rule, 90, 98, 102 
Pjcparatious, 1G3 
classification of motliods, 168 

I. Orvstalhsation methods, ISO, 

201 

clas.sificafcion, 179 
oocliiig solution, 160 
li)drolysis methods, 196 
oxidation methods, 104 
r( due.tion methods, 182 
with piotcction, 192 
ropluccmcnt of solvamt, 201 

II. Klectrical dispersion methods, 
216 

Billitor’s method, 221 
Biodig’a method, 220 
fivedberg's methods, 221-224 

III. Solution methods, 208 

pcptisation, 208, 213 ^ 

IV. Preparations— 

agar, 182 , 

aUimininin hyikroxido, 108, 214 
autimonious sulphide,<205 
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V. Preparations—cot 
ar»eniou9 fii^pbide, 204* 
barium carbonate, tlb 
sulphate, 175, 20G 
bismuth, 194 
blipe gold, 191,192 
boron, 213 

cadmium sa}^)hid6, 214 
copper, 194 
oxide, 216 

ferric hydroxide, 199, 2C0, 213 
gelatM^, 182 

gold, 188, 189, 190, 191, 192, 
193, 220, 21^, 2C5 
ice, 180 
mastic, li!3 
mercury, 194 
sulphide, 205 
metal organosols, 222, 223 
non-metal organosols, 224 
osmium, 191 
palladium. 189,191 
phosphorus, 180,181 
platinum, 190,191, 193 
purple of Cassius. 216 
selenium, 181,192,193 
silioio acid, 200, 205 
silicon, 213 

silver, 187, 189, 191, 192, 220, 
222 

iodide, 181 
oxide, 192 
sulphide, 207 

sodium chloride organosols, 
207 

sodium otbersol, 223 
sulphur, 180, 181,195 
tellurium, 191, 224 
tungsten, 214 
zinc sulphide, 204 
zirconium, 216 
hydroxide, 199 
Protalbio acid, 132, 268 
Protection of sols, 130, 137, 272 
in preparations, 132,164, 192,206 

QuanniVALENT ions, action on sols, 
107 


Buouction methods of preparation, 
• 182,186 
kathode, 185 

Reversible precipitation of albumin, 
114 • 

sola, 92 


Salting out, 114, 271 
Semi-colloids, 267 
electrical properties, 268 
Semi-permeable membranes, 149, 
150, dl8 

Sewage purification, 297 
Silicic acid gel, dohyijration, 153 
hydration, 155 
poptisatiou, 15 
Silicic acid sol, 127 
conductivity, 64 
gelation, 127 
* hysteresis, 19, 155 
kataphoresis, 83 
preparation, 197, 200, 205 
• viscosity, 22 

Silicon sulphide, hydrolysis, 197,200 
Silver hydroBol, 187 
conductivity, 64, 188 
kataphoresis, Al " on, 95 
salts on albumin, 119 
sulphide hydrosol, 207 
Size of particles, 53, 59 
Soaps, 2()9 

osmotic pressure, 318 
surface tension. 235, 240. 272 
Sodium chloride organosols, pre¬ 
paration, 175, 203, 207 
organosols, preparation, 223 
Soil, 295 

adsorption of dyes, 293 
salts, 2 j 6 
Sol, 6 

Solation, 10 

Solid skins on albumin and dyes, 
121, 277, 278 

solution theory of dyeing, 284 
Sols, boiling point, freezing point, 
vapour pressure, 36 
Brownian movement, 47 
colour, 10 
conductivity, 61 
density, 20 

dialysis and diffusion, 24 
disporsity, 53 
electrical synthesis of, 169 
filtration, 57, 59 
kataphoresis, 74 
mutual precipitation, 131,140 
of uniform dispersity, 163 
optical properties, 38 
osmotic pressure and molar 
weight, 32 
surface tension, 21 
visoMity, 21 

Solubility of gases in sols, 801 
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Solutidea, 2C7 
Solvation, 23, 86 
Spooifio surface, 8, 226 
and adsorption, 249 
ISpontaneous suspension, 48 
Stabilising oflect of ions, 105 
Stability of motal sols, 21'J 
Stannic acid hydrosol, 12U 
, sulphide liydrosol, 216 
Starch sol, 129 

Starch, heat of imbibition, 158, 
160,162 

Stuttc ^rfaco tonsion, 227, 234 • 
at litjuid interfaces, 262 
of solutions, 234, 240 
Structure of gels, 165, ICC, 167 • 
secondary, 166 
Submicrous, 11 
reversible changes, 45 
Surface concentration, 225,232,230 
acetic acid, 239 
sodium chloride, 239 
sodiuni olcate, 240 
defect and excess, 234, 237-8, 
245 

energy,226 
layer, thickness, 230 
pressure, 231, 233 
tonsion, 226 
“ active ” solutes, 242 
and surface energy, 226 
at liquid interfaces, 202 
concentration curves, 240, 244 
dynamic, 227, 234, 245, 262 
of emulsoids, 21 
of fused salts, 228 
of liquefied gases, 228 
of liquids, 227 
of mercury in gases, 258 
of metals, 228 
of soaps, 272 

of solutions, 233, 241-244 
lyotrope series, 9 
of suspensoids, 21 
temperaturo-coefficient, 228 
Suspensions, 4, 6 
Susponsoids, 6,18 * 

mutual precipitation, 136 
precipitation by emulsoids, 140 
viscosity, 21 

Swelling of gelatine, 290 
Synthesis of sols, electrical, 169 


Tannin, 280, 289 
addbrption by cotton, 28P 
lakes, iieo , 

molar weight in water and acetic 
acid, 289 
Tanning, 289 
gelatine, 293 
mineral, 292 

mutual precip..^v.v.n, 290 
peptisersin, 2!10 
“ pickling,” 291 
secondary changes, ^3 
Thonuin liydroxulo hydrosol, jjiv 
tec lion by, 

Thovert’s relation, 35 
‘•'rime Eifect,” 

Titanic acid hydrosol, 129 
'J’oxm-antitoxin, 313 
Tiivalcnt ions, precipitation by, 115 
Tungstic acid hydrosol, 129 
Turkey roil, 281 
Tyndall Effect, 38, 40 

ULTHAKir.TUATION, 29, 57 
Ultramicioscopo, 42, 44 

Vaj.ency rule, 72, 9(1, 98, 102, 2f2 
Vapour pressure at curved surfaces, 
230 

of gels, 152 
of sols, 36 

Velocity of crystallisation, 172 
gelation, 123 
kataphorosis, 76, 80 
Viscosity of gelatine, 122, 126 
gels, 145 
sols, 21 
omulsoid, 23 

solutions, lyotrope series, 9 
Volume change in imbibition, 158 

Wackenuoder’s solution, 194 
Water, pure, for preparations, 185 
purification, 298 
Weathering of rocks, 297 

ZiNO salts on albumin, 119 
sulphide hydrosol, 204 
Ziiconium hydrosol, 210 
hydroxide hydrosol, 199 
Zones of precipitation and non-pre¬ 
cipitation, 139-142 * 
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